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VICTOR  SCHUMANN 

By  THEODORE  LYMAN 

Victor  Schumann  was  born  near  Leipzig  in  the  year  1841.  He 
received  his  early  education  at  Leipzig  and  later,  from  i860  to  1864, 
he  was  at  the  Gewerbeschule  at  Chemnitz.  It  must  have  been 
during  this  period  that  he  acquired  that  extraordinary  mechanical 
technique  which  characterized  all  his  scientific  work.  For  a  time 
he  was  employed  as  a  designer  by  Hartmann  &  Zimmermann; 
later  he  was  engaged  in  the  manufacture  of  machinery  for  the  book 
industry;  finally,  he  became  a  partner  with  Mr.  A.  Hogenforst  in 
the  machine  business  in  which  he  remained  actively  engaged  until 
1892  and  by  means  of  which  he  was  able  to  accumulate  the  funds 
which  he  spent  in  scientific  work. 

He  was  more  than  forty  years  of  age  before  he  was  able  to  turn 
from  his  business  to  scientific  pursuits.  Even  then,  his  investi- 
gations were  conducted  in  the  evening  or  at  such  odd  times  as 
he  could  spare  from  his  regular  profession.  Photography  first 
attracted  him;  one  of  his  earliest  papers,  pubhshed  in"  1885,  is  on 
the  sensitization  of  photographic  plates.  Almost  immediately  after 
this,  however,  he  took  up  the  pursuit  of  spectrum  analysis,  to 
which  he  devoted  himself  for  the  remainder  of  his  active  Ufe.  His 
first  paper  on  the  spectrum  of  hydrogen  and  upon  the  ._ilect  of  the 
presence  of  impurities  on  the  spectrum  of  mercury  appeared  in 
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1886.  He  must  have  been  inspired  by  the  idea  of  penetrating  into 
the  region  of  the  extreme  ultra-violet  very  early  in  his  scientific 
studies,  for  it  was  but  four  years  later  that  the  article  which  marks 
the  beginning  of  his  attack  on  the  region  of  the  most  refrangible 
rays  appeared.  Guided  by  the  work  of  Stokes,  Soret,  and  Miller, 
he  began  by  instituting  a  very  careful  comparison  6i  the  relative 
advantages  of  fluorite  and  quartz,  and.  becoming  convinced  of  the 
superiority  of  fluorite  as  a  transparent  medium  for  rays  of  the 
shortest  wave-length,  he  employed  this  substance  for  his  prisms 
and  lenses.  Thus  equipped,  he  followed  the  spark  spectra  of  more 
than  twenty  metals  to  the  region  X  1820.  He  next  set  himself  the 
problem  of  determining  the  factors  which  caused  the  common  limit 
in  the  spectrum  of  so  many  substances.  His  knowledge  of  photo- 
graphic phenomena  led  him  to  recognize  the  part  played  by  the 
absorption  of  gelatine,  while  his  familiarity  with  the  work  of  Comu 
drew  his  attention  to  the  absorption  of  the  air.  He  put  these  ideas 
to  the  test  b}^  the  construction  of  a  vacuum  spectroscope  and  by 
the  use  of  special  photographic  plates  whose  emulsion  was  nearly 
free  from  gelatine.  His  efforts  were  almost  immediately  crowned 
with  success,  for  a  very  considerable  extension  of  the  spectrum 
followed  the  use  of  the  new  apparatus.  Brief  accounts  of  this  work 
appeared  between  1890  and  1893,  while  a  more  detailed  description 
of  these  researches  was  published  in  the  Proceedings  of  the  Vienna 
Academy  in  the  latter  year.  It  was  during  this  period  that  Schu- 
mann gave  up  his  business  interests  to  devote  himself  entirely  to 
his  spectroscops.  During  the  next  ten  years  he  went  steadily 
forward,  accurately  and  surely  adding  to  his  methods  one  im- 
provement after  another  as  the  results  of  experiments  showed 
the  way,  until  he  finally  arrived  at  the  limit  of  the  spectrum  set  by 
the  absorption  of  fluorite  near  X  1 200. 

But  as  early  as  1897  his  health  began  to  give  way.  Never  of  a 
robust  constitution,  he  had  submitted  to  considerable  privations 
in  early  life  in  order  to  obtain  the  funds  for  the  purchase  of  books. 
He  undoubtedly  still  further  undermined  his  constitution  by  the 
arduous  labors  entailed  in  the  construction  of  his  apparatus.  In 
1903  he  was  forced  to  give  up  nearly  all  experimental  work.  He 
died  on  September  i,  19 13. 
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Many  of  Schumann's  results  are  to  be  found  summed  up  in  the 
Smithsonian  Contributions  to  Knowledge,  No.  1413.  His  first  con- 
siderable contribution  to  science  was  the  investigation  of  the 
absorption  of  the  air.  The  existence  of  the  region  which  bears  his 
name  ha\'ing  been  once  estabhshed,  he  set  himself  to  study  the 
absorption  of  a  number  of  gases  and  demonstrated  that  it  was  to 
oxygen  that  the  high  absorbing  power  of  the  air  was  due.  He 
next  proved  that  hydrogen  possessed  great  transparency  in  the 
most  refrangible  region  and  made  use  of  this  fact  to  improve  the 
action  of  his  spectroscope  by  flushing  the  interior  with  this  gas. 
On  turning  his  attention  to  emission  spectra,  he  obtained  valuable 
information  on  the  radiations  from  oxygen,  carbon  monoxide, 
carbon  dioxide,  and  nitrogen;  but  it  was  in  the  study  of  the  spec- 
trum of  hydrogen  that  his  finest  results  were  obtained.  Ha  showed 
that  this  gas  possessed  a  multitude  of  lines  extending  from  near 
X  1650  to  the  Hmit  set  by  fluorite,  and  by  great  technical  skill  and 
keen  experimental  insight  he  succeeded  in  producing  spectrograms 
of  hydrogen  which  probably  will  never  be  surpassed  for  definition 
and  finish. 

Labor  spent  in  the  extension  of  human  knowledge  is  never 
wasted,  no  matter  how  remote  from  active  human  interest  the  field 
of  such  labor  may  appear.  The  work  of  Schumann  is  a  brilliant 
example  of  the  truth  of  this  statement.  For  the  region  into  which 
he  penetrated  reveals  day  by  day  to  those  who  explore  it  greater 
and  greater  possibilities  for  results  of  fundamental  scientific  impor- 
tance. The  biologist  may  watch  wonderful  changes  in  living  organ- 
isms if  he  will  illuminate  the  field  of  his  microscope  with  the  extreme 
ultra-violet  rays  from  a  hydrogen  tube;  the  student  of  spectral 
series  may  find  the  key  to  his  fascinating  problem  on  the  more 
refrangible  side  of  X  1500,  and  the  mathematical  physicist  who 
seeks  to  verify  the  quantum  theory  by  photo-electric  action  will 
find  an  important  test  for  his  hypothesis  in  the  Schumann  region. 

It  has  been  said  that  genius  consists  in  an  illimitable  power  of 
taking  pains.  Schumann's  genius  belonged  to  this  character,  but 
the  observer  who,  having  marveled  at  the  intricate  construction  of 
his  spectroscope,  obtains  the  impression  that  its  mechanical  per- 
fection  represents   the   highest  mental  attainment  of  its  maker 
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entirely  misses  the  truth.  Schumann  took  up  the  pursuit  of  science 
at  a  time  of  life  when  initiative  and  perseverance  in  most  men  are 
no  longer  active  qualities.  The  extent  of  his  studies  was  cut  short 
by  the  failure  of  his  health.  It  was  never  given  to  him  to  explore 
thoroughly  the  promised  land  which  he  discovered.  But  Schumann 
possessed  the  mind  of  the  true  investigator;  his  inductive  reasoning 
was  without  a  flaw.  What  he  did,  he  did  excellently.  The  final 
results  of  his  labors  are  established  so  firmly  that  they  will  never 
be"  shaken. 

Jefferson  Labor.\tory 

Harvard  University 

December  4,  1913 


TERTIARY  STANDARDS   WITH  THE   PLANE   GRATING 

THE  TESTING  AND  SELECTION  OF  STANDARDS' 

SECOND  PAPER 

Bv  CHARLES  E.  ST.  JOHN  and  L.  \V.  WARE 

APPARATUS   AND   METHOD 

In  this  second  paper  we  have  examined  the  international 
secondaty  standards  from  X  4282  to  X  5506  as  to  their  consistency 
among  themselves,  and  have  determined  the  wave-lengths  in 
international  units  of  a  series  of  198  lines  in  the  arc  spectrum  of 
iron  from  X  41 18  to  X  5506.  The  region  from  X  5371  to  X  5506  is 
common  to  the  191 2  and  1913  investigations,  but  an  entirely  new 
series  of  plates  was  made  for  the  common  region.  The  Pasadena 
plates  were  taken  by  Mr.  Babcock  and  one  of  the  writers.  The 
spectrograph  used  was  the  30-foot  instrument  in  the  Pasadena 
laboratory,  which  had  been  completely  readjusted  by  Mr.  Bab- 
cock after  an  examination  and  testing  of  the  conditions  requisite 
to  the  best  performance.  The  grating  was  ruled  by  Anderson  and 
is  of  the  highest  quaUty — a  plane  grating  having  a  ruled  surface 
64X73  mm  with  590  lines  to  the  millimeter.  The  performance  of 
the  instrument  is  most  satisfactory.  The  diffraction  pattern  in 
the  case  of  the  sharp  Unes  is  perfectly  symmetrical  on  the  two 
sides  of  the  line  with  the  first  minimum  absolutely  black,  by 
both  visual  and  photographic  tests.  Each  portion  of  the  ruled 
surface  is  consistent  with  any  other  portion,,  so  that  errors  arising 
from  varying  illumination  are  reduced  to  a  minimum.  The  series 
of  Mount  Wilson  plates  was  made  with  the  75-foot  Littrow  spectro- 
graph used  in  conjunction  with  the  150-foot  tower  telescope.  The 
grating  (by  Michelson)  has  an  available  ruled  surface  57x124  mm 
and  gives  excellent  definition  for  both  bright  and  dark  lines.  In 
both  series  the  Pfund  arc^  was  used  upon  a  no- volt  direct-current 
circuit.  The  length  of  the  arc  was  5-6  mm.  An  enlarged  image 
was  thrown  upon  the  slit  which  was  placed  transverse  to  the  axis 

■  Conlribulions  from  the  Mount  Wilson  Solar  Observatory,  No.  75. 
'  Astro  physical  Journal,  27,  296,  190S. 
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of  the  arc  near  ils  middle  point.  The  focal  lengths  of  the  pro- 
jecting lenses  were  such  that  the  gratings  were  always  filled.  The 
grating  in  the  75-foot  spectrograph  was  in  the  axis  of  a  Ught  cone 
1.5  m  in  diameter  at  the  grating  level.  The  current  was  main- 
tained at  approximately  6  amperes.  The  scale  of  the  Pasadena 
plates,  second  order,  is  i  mm  =  o.88  A;  of  the  Mount  Wilson 
plates,  first  order,  i  mm  =  o.72  A.  They  were  measured  either 
upon  a  Toepfer  comparator  with  a  screw  300  mm  long  or  upon  a 
comparator  constructed  in  the  Observatory  instrument  shop  with 
which  a  plate  500  mm  long  can  be  measured  without  readjustment. 
The  periodic  errors  of  the  screws  are  negUgible.  The  errors  of 
run  have  been  determined  and  the  necessary  corrections  have 
been  appUed  to  the  scale  readings.  The  plates  have  been  measured 
red  right  and  red  left.  At  least  four  settings  have  been  made  on 
every  line  in  the  two  positions,  and  in  the  case  of  the  international 
secondaries,  the  settings  have  frequently  been  doubled,  particularly 
when  these  standards  have  offered  more  than  usual  difficulties  in 
the  determination  of  their  position.  The  comparator  microscopes 
are  equipped  with  single  and  double  cross-wires.  That  used  de- 
pends upon  the  character  of  the  line  under  consideration ;  frequently 
settings  have  been  made  by  both  methods  and  the  means  taken  of 
the  closely  agreeing  readings.  A  gain  in  convenience  of  measure- 
ment and  in  accuracy  was  made  by  shading  the  strong  lines  on  the 
laboratory  plates  during  a  part  of  the  exposure  so  that  all  the  lines 
were  of  more  nearly  uniform  intensity.  This  proved  particularly 
helpful  with  lines  that  have  a  tendency  to  widen  unsymmctrically, 
and  in  the  case  of  very  strong  lines  the  edges  of  which  become  more 
or  less  fringed  when  the  exposure  time  is  such  as  to  bring  out  the 
weaker  lines. 

The  method  of  reduction  was  fully  described  in  our  first  paper.' 
In  brief,  the  reduction  factors  obtained  by  dividing  the  intervals 
in  angstroms  between  each  two  successive  international  standards 
by  the  measured  distance  between  the  lines  were  plotted  as  ordi- 
nates  with  the  mean  wave-lengths  of  the  corresponding  intervals 
as  abscissae,  and  as  smooth  a  curve  as  possible  was  passed  through 

'  Conlribiilions  frinn  the  Mount  Wilson  Solar  Observatory,  No.  61;  Astrophysical 
Journal,  36,  19,  1912. 
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the  points.  The  smoothness  of  the  curves  has  been  used  as  a  test 
of  the  consistency  of  the  international  secondaries.  In  the  case 
of  standards  50  angstroms  apart  a  change  of  0.002  A  in  the  wave- 
length of  one  of  them  produces  a  marked  irregularity  in  the  curve. 
The  accuracy  can  be  pushed  to  a  high  degree  by  repeated  measure- 
ments of  the  plates.  We  have  combined  the  results  from  different 
plates  to  separate  what  was  accidental  from  what  was  constant  in 
the  course  of  the  curves.  In  the  series  of  overlapping  plates,  a  line 
has  in  general  occurred  at  three  different  positions  so  that  the 
standards  have  been  combined  in  various  ways  and  are  interlocked 
throughout  the  region  investigated.  The  plates  are  43  and  60  cm 
long,  so  that  with  the  scales  employed  a  number  of  standards  occur 
on  each  plate,  amply  sufficient  to  determine  the  course  of  the  curve, 
which  in  each  case  is  nearly  linear.  Each  line  has  been  referred 
to  both  the  standards  between  which  it  stands,  but  the  course  of 
the  curve  at  the  points  from  which  the  factors  are  taken  for  the 
reduction  depends  upon  four  standards  so  that  the  wave-length 
is  intimately  interlocked  with  the  standards. 

THE    SELECTION   OF   STANDARD   LINES 

In  the  discussion  of  our  results  it  will  appear  that  they  are  closely 
related  to  the  classification  of  the  arc  hnes  of  iron  proposed  by  Gale 
and  Adams'  and  based  upon  the  behavior  of  the  hnes  under  pres- 
sure. 

To  the  five  classes  determined  by  the  characteristics  of  the 
lines  we  have  added  a  sixth: 

1.  Lines  which  are  symmetrically  reversed. 

2.  Lines  which  are  unsymmetrically  reversed. 

3.  Lines  which  remain  bright  and  fairly  narrow  under  pressure. 

4.  Lines  which  remain  bright  and  symmetrical  but  become  wide 
and  diffuse  under  pressure. . 

5.  Lines  which  remain  bright  and  are  widened  very  unsymmet- 
rically toward  the  red. 

6.  Lines  which  remain  bright  and  are  widened  very  unsjmmet- 
ricall}-  toward  the  violet. 

^  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  58;  Astrophysical 
Journal,  35,  10,  igi2. 
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Gale  and  Adams  suggested  a  grouping  of  these  lines  according 
to  pressure-shift,  as  follows: 

Group  a. — This  includes  the  flame  lines;  these  show  small 
pressure  displacements. 

Group  b. — This  is  a  large  group  including  all  lines  of  moderate 
displacement  and  is  probably  complex. 

Group  c. — This  consists  of  lines  showing  much  larger  displace- 
ments than  those  of  group  b  and  includes  two  fairly  distinct  classes. 

Group  d. — This  is  made  up  of  lines  showing  immense  displace- 
ments and  unsymmetrical  widening  toward  the  red  under  pressure. 
We  were  led  to  divide  group  d.  calling  the  separated  portion  sub-d. 
These  lines  are  similar  in  behavior  but  show  much  smaller  displace- 
ments and  much  less  dissymmetry  than  those  assigned  to  d. 

Group  e. — To  the  above  groups  we  have  added  a  group  con- 
sisting of  lines  that  are  greatly  displaced  and  unsymmetrically 
widened  toward  the  violet  under  pressure. 

The  pressure-shift  of  the  iron  lines  is  still  under  examination  by 
Gale  and  Adams.  We  have  had  access  to  the  preliminary  results 
of  this  investigation  and  so  have  been  able  to  assign  more  lines  to 
their  probable  groups. 

The  lines  that  remain  symmetrical  and  reverse  symmetrically 
under  pressure  are  best  fitted  for  standards;  such  are  the  hnes  of 
groups  a  and  b  which  belong  to  classes  i,  3,  and  4.  The  inter- 
national standards  of  the  second  order  from  X  4282  to  X  4531.  with 
the  exception  of  X  4494,  belong  to  these  two  groups  and  are  lines 
that  can  be  measured  with  high  jirecision.  X  4494  and  probably 
the  secondaries  X  4547  to  X  4789  belong  to  group  c,  class  4.  but 
from  X  4859  to  X  5001  they  belong  to  group  c,  class  5.  The  lines 
of  group  c,  class  4,  are  next  in  quality  to  those  of  groups  a  and  b. 
Those  of  group  c.  class  5,  are  troublesome  as  standards.  It  is  diffi- 
cult to  obtain  consistent  results  with  them,  as  they  have  a  tendency 
to  asymmetry  toward  the  red.  From  X5012  to  X  5167  the  lines 
belong  to  group  a  and  are  of  excellent  quality  but  from  X  5192  to 
X  5324  they  are  of  class  5  and  belong  to  group  d  or  sub-d.  probably 
the  latter.  These  are  lines  that  are  still  more  troublesome  than 
those  of  group  c,  class  5.  The  selection  of  these  lines  for  second- 
ary standards  was  particularly  unfortunate,  as  lines  of  group  a  of 
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excellent  quality  that  could  replace  them  occur  in  this  region,  as 

follows: 

Present  secondaries:  group  sub-d,  A.  5192,  A.  5232,  A  5266,  A  5302,  A.  5324 

Suggested  secondaiies:  group  a,     X  5194,  A  5216,  A  5227,  A  5270,  A  5328, 

^  S34I 
The  only  space  that  cannot  be  filled  by  a  lines  is  that  occupied  by 
X  5302,  but  this  line  is  so  weak  that  it  has  been  very  difficult  to 
obtain  it  strong  enough  for  measurement  without  overexposing 
the  other  lines.  In  fact,  we  have  not  used  it  as  a  standard  but 
have  determined  its  wave-length  as  for  an  unknown  line.  The  gain 
in  having  dependable  standards  of  the  second  order  would  far 
outweigh  any  lack  in  desirable  spacing.  From  X  5371  to  X  5506 
the  international  standards  belong  to  group  a  and  are  again  of 
excellent  quahty.  From  X  5569  to  X  5763  they  are  of  class  5  and 
belong  to  group  sub-d.  These  lines  cannot  be  depended  upon 
when  the  highest  precision  is  required  and  should  always  be 
employed  with  caution.  From  X  6027  to  X  6494  the  secondaries 
are  all  of  group  b,  and  with  these  as  with  those  of  group  a,  a  pre- 
cision of  o.ooi  A  can  be  obtained.  Fortunately  no  lines  of  groups 
dor  e  occur  among  the  secondaries.  These,  in  our  judgment,  based 
upon  considerable  experience,  are  entirely  unsuitable  for  standards 
of  any  order,  and  happily  they  can  be  omitted  without  serious 
inconvenience. 

It  is  of  vital  importance  for  standard  wave-length  determi- 
nations to  fix  the  cause  of  large  discrepancies.'  From  his  remarks 
at  the  meeting  of  the  British  Association  at  Dundee,''  one  must 
judge  that  Professor  Kayser  is  somewhat  discouraged  with  the 
outcome  of  the  work  of  wave-length  determinations.  He  had 
hoped  a  few  years  ago,  he  said,  to  establish  the  third  decimal  place. 
He  now  finds  uncertainties  in  the  second  decimal,  depending  upon 
the  part  of  the  arc  used  and  other  obscure  causes.  Goos^  raises 
the  question  of  producing  a  light-source  suitable  for  obtaining  con- 
sistent results.     He  used  the  interferometer  method  for  checking 

'  The  effects  of  varying  conditions  on  the  arc  and  of  using  its  different  parts  are 
now  being  investigated  in  the  observatory  laboratory. 
'  The  Observatory,  35,  383,  1912. 
'  Astrophysical  Journal,  37,  48,  1913. 
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some  results  obtained  with  the  plane  grating.  He  found  that  with 
a  short  arc,  3  to  4  mm  long,  certain  lines  gave  very  poor  or  no  inter- 
ference phenomena,  but  with  the  middle  of  a  10  mm  arc,  using  the 
same  current,  it  was  possible  to  obtain  fair  interference  rings  for 
these  lines.  He  went  to  Kayser's  laboratory'  in  Bonn,  where  he 
again  tried  the  short  and  long  arc  with  the  concave  grating  and 
found  for  certain  lines  a  marked  difference  between  the  two  light- 
sources.  Now  it  is  interesting  to  notice  that  all  these  lines  for 
which  he  found  differences  in  the  two  sources  were  shorter  in  the 
denser  arc,  and,  so  far  as  they  are  common  to  our  lists,  belong  to 
group  e.  The  characteristics  of  the  lines  of  this  group  are  displace- 
ments to  the  violet  under  pressure  and  great  unsymmetrical  widen- 
ing on  the  violet  edge  when  the  pressure  or  density  of  t  e  emitting 
vapor  is  increased.  In  the  short  arc,  carrying  the  same  current 
as  the  long  arc,  the  density  and  possibly  the  pressure  also  in  the 
central  portion  would  be  the  greater  and  the  wave-length  would 
be  shortened  from  one  or  both  causes. 

In  writing  the  first  paper  based  upon  the  Mount  Wilson  inves- 
tigations, in  a  paragraph  omitted  because  it  was  in  a  portion 
reserved  for  a  later  contribution  but  given  in  substanc  in  a  paper 
read  at  the  Cleveland  meeting  of  the  American  Physical  Society,' 
it  was  said : 

An  increase  of  intensity  and  consequent  unsymmetrical  widening  may 
be  an  insidious  cause  of  error  in  measuring  such  lines.  This  was  clearly  shown 
when  the  results  of  our  measurements  were  linally  assembled.  Upon  Plate 
539  taken  on  the  mountain  there  are  five  exposures  of  equal  length.  This 
plate  was  measured  once  by  each  of  us  and  again  unintentionally  by  one  of  us. 
It  was  noticed  wh;;n  the  m3a;urencnts  were  finally  assembled  that  the  wave- 
lengths of  X  6333  and  A.  6338  were  longer  for  exposure  3  than  for  any  of  the 
other  exposures.  Upon  the  plate,  besides  the  lines  belonging  to  group  d,  dis- 
placed and  widened  to  the  red  under  pressure,  were  lines  of  group  e,  displaced 
and  widened  to  the  violet  under  pressure,  and  lines  belonging  to  the  same 
group  as  the  standards,  namely  group  b. 

Table  I  shows  the  differences  obtained  by  subtracting  I  he  mean  of  the 
values  given  by  the  four  other  exposures  from  the  corresponding  values  obtained 
from  the  third  exposure. 

The  systematic  differences  are  striking,  and  at  first  were  very  misleading. 

' "  Standards  of  Wave-Length  and  Desirable  Data  for  Them  and  for  Other  Lines. " 
Physical  Review,  i,  67,  1913. 
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At  the  time  the  plate  was  measured  we  did  not  know  of  the  existence  of  a 
group  with  the  characteristics  of  group  e.  It  was  only  after  a  long  wandering 
in  the  dark  that  we  convinced  ourselves  that  the  differences  in  the  measure- 
ment in  lines  belonging  to  groups  d  and  c  were  inherent  in  the  characteristics 
of  the  lines,  and  that  the  differences  between  their  wave-lengths  on  Mount 
Wilson  and  in  Pasadena  were  due  to  the  enormous  pressure-shifts  that  these 
lines  undergo.  There  was  nothing  in  the  appearance  of  Plate  539  to  put  us 
on  our  guard,  and  this  is  particularly  true  when  a  solar  comparison  is  on  each 
side  of  the  narrow  arc  spectrum  on  this  plate.  Exposure  3,  however,  is  stronger 
than  the  others  owing  to  the  increased  production  of  vapor  in  the  arc  during 
that  e.xposure,  and  it  may  be  a  question  whether  the  displacements  were  the 
effects  of  unsymmetrical  broadening  due  to  increased  density  or  of  a  temporary 
increase  in  pressure  due  to  a  rapid  evolution  of  vapor.  In  the  case  of  lines  so 
sensitive  to  pressure  changes  as  those  of  groups  d  and  c.  it  may  be  a  question 
whether  rapid  changes  in  the  rate  of  vapor  production  in  the  arc  may  not 
cause  temporary  changes  in  pressure  sufficient  to  displace  these  lines  appre- 
ciably. A  mean  change  of  pressure  of  one  twenty-fifth  of  an  atmosphere  dur- 
ing the  short  exposure  could  produce  a  measurable  effect. 

TABLE  I 
Effect  of  Varying  Density  in  the  Arc  upon  Lines  of  Groups  d  and  e 


Group  b 

Group  d 

Group  e 

X  6020 
X  6127 
X6i36 
X  6151 
X6iS7 

-ho.ooi  .\ 

—  .001 

—  ,001 
.000 

—  0.002 

^5983 
X  6003 
X6008 
X  6021 

-I-0.006  A 
+    .016 
+    .017 
-l-o.oii 

X5984 
'^  59S7 
X  6042 
^6055 
X6078 

— o.oog  .\ 

—  .003 

—  .006 

—  .011 
—0.007 

Mean. .  .  . 

—0.0006  -A 

-I-0.012  A 

—0.007  A 

As  has  been  mentioned,  the  effect  of  varying  arc  conditions  is 
now  being  investigated  in  the  Pasadena  laboratory.  It  can  be 
stated  from  the  preliminary  examination  that,  if  a  difference  of 
pressure  exists  in  the  arc,  it  is  not  of  a  magnitude  sufficient  to 
account  for  the  large  discrepancies  in  the  case  of  hues  of  groups  d 
and  e.  The  main  cause  of  these  differences  is  found,  we  believe, 
in  the  unsymmetrical  widening  of  these  lines  as  the  negative  pole 
is  approached.  Pressure-shift  per  se  is  not  troublesome  when  once 
it  has  been  determined,  but  the  great  sensitiveness  of  these  lines 
to  density  changes  is.  in  our  opinion,  the  seat  of  the  difficult}-. 
The  integrating  action  of  the  concave  grating  due  to  its  astigmatism 
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in  the  usual  mounting  spreads  the  polar  dissymmetr}-  over  the 
whole  length  of  the  line  and  would  affect  the  measurement  of  such 
lines  to  a  high  degree.  We  would  recommend  an  arc  5-6  mm  long, 
carrj'ing  a  current  of  5-7  amperes,  and  preferably  the  Pfund  form 
because  of  its  great  convenience  and  steadiness  of  action;  that  an 
image  enlarged  at  least  two  to  three  times  be  used,  and  that  the 
slit  be  placed  at  right  angles  to  the  axis  of  the  arc  at  the  middle 
point  of  the  image.  The  lines  with  a  short  slit  then  have  good 
edges  and  uniform  widths  throughout  their  length  and  good  lines 
are  capable  of  very  exact  determination.  Under  these  conditions 
by  keeping  the  lines  of  moderate  intensity,  quite  consistent  results 
can  be  obtained  even  in  the  case  of  lines  of  group  c.  class  5,  and  of 
group  sub-d;  that  is,  one  can  expect  a  precision  of  0.002  to  0.003  '^• 
In  the  case  of  lines  of  groups  a,  b.  and  c  4,  the  ordinary  conditions 
of  the  arc  are  in  great  probability  without  measurable  influence. 


The  general  results  of  our  examination  of  the  secondary  stand- 
ards and  our  measurements  of  the  tertiar\-  standards  from  X4118 
to  X  5371  are  shown  in  Table  II. 

The  lines,  as  far  as  possible,  have  been  grouped  and  classed 
according  to  the  scheme  proposed  by  Gale  and  Adams,  with  the 
subdivision  of  group  d  and  the  addition  of  group  e.  In  fo  ming 
the  means  for  the  eighth  column  the  mountain  value  of  lines  of 
groups  d.  sub-d.  and  c  5,  when  referred  to  the  standards  of  groups  a 
and  b.  have  been  given  a  positive  correction  of  from  o.ooi  to  0.005 
A,  and  the  mountain  values  for  the  lines  of  group  a.  referred  to 
standards  of  groups  c  and  sub-d.  have  been  decreased  by  0.003  -^ 
in  the  formation  of  the  means.  To  allow  for  the  pressure  difference 
of  one-fifth  of  an  atmosphere  between  Pasadena  and  Mount  Wilson 
the  value  of  the  correction  is  taken  from  the  published  and  unpub- 
lished determinations  of  Gale  and  Adams  and  from  the  correction 
which  we  were  obliged  to  apply  in  order  to  make  the  mountain 
standards  consistent  with  the  Pasadena  values  when  standards  of 
different  groups  were  used  together.  In  the  case  of  lines  of  group 
e,  only  the  Pasadena  values  are  used  in  comparison  with  Kayser 
and  Goos  as  indicated  bv  "P"  in  the  last  column.     In  this  column 
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we  have  also  given  some  indications  of  the  degree  of  dependence 
that  can  be  placed  upon  the  results  obtained  from  the  use  of  the 
lines  as  standards.  In  regions  where  secondary  standards  of  groups 
a,  b,  and  c  4  are  available,  we  would  place  httle  reliance  upon  the 
lines  indicated  as  unreliable  and  would  not  employ  them  at  all  if 
a  high  accuracy  were  desired.  If  only  a  fair  precision  is  required 
they  will  be  useful,  if  care  is  taken  to  have  these  hnes  of  moderate 
intensity.  This  is  best  done  by  using  only  the  middle  of  the  arc. 
The  difficulties  inherent  in  the  lines  of  groups  d  and  sub-d  increase 
with  the  wave-length;  those  of  group  d  are  practically  unusable 
below  X  5000.  For  the  region  of  shorter  wave-length,  no  clear  dis- 
tinction can,  as  yet,  be  made  between  groups  d  and  sub-d.  All  Hnes 
of  group  e  are,  according  to  our  experience,  unusable  as  standards. 
When  a  Hne  is  so  weak  upon  our  plates  that  the  determination  is 
not  of  high  weight,  we  have  indicated  the  fact  by  the  word  "faint." 
The  figures  in  parentheses  give  the  number  of  times  the  lines  have 
been  measured. 

DISCUSSION 

In  Table  III  are  assembled  the  wave-lengths  of  all  the  standards 
of  the  second  order  for  which  a  deviation  from  the  international 
•value  exceeding  0.002  A  has  been  found  by  any  observer.  The 
second  column  contains  the  ma.ximum  deviations  from  the  accepted 
value  in  the  case  of  the  th  ee  independent  determinations  of  the 
standards  by  the  interferometer  method.  In  the  three  succeeding 
columns  are  the  deviations  found  by  the  three  observers  using  the 
spectrographic  method.  Our  results  seem  to  indicate  a  remarkable 
degree  of  consistency  among  the  international  standards,  and  we 
are  confident  that  the  method  we  have  employed  when  pushed  to 
its  limiting  accuracy  is  capable  of  detecting  deviations  of  0.002  A 
in  the  relative  wave-lengths  of  a  series  of  standards.  The  average 
deviation  for  the  interferometer  method  is  0.0015  ^r  ^"d  that 
shown  by  Kayser's  results  is  o .  0045  A.  It  seems  to  us  so  improb- 
able that  errors  of  this  latter  magnitude  can  exist  in  the  secondary 
standards  and  escape  detection  by  the  method  we  have  employed 
that  we  are  forced  to  the  conclusion  that  some  obscure  source  of 
error  affects  the  determinations  published  by  Professor  Kayser. 
The  deviations  from  the  accepted  international  values  exceeding 
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0.002  A  shown  by  Goos's  results  are  nearly  all  associated  with 
lines  that  are  inherentl)-  difficult  of  measurement,  while  in  the 
Kayser  series,  the  secondary  standards  of  excellent  quality,  groups 
a  and  b  show  the  same  order  of  deviations  as  the  poorer  lines  of 
groups  c  and  d. 

TABLE  III 
Deviations  from  the  International  Values  Greater  than  0.002  A 


International 
Wave-Lengths 


I.-K. 


4282 

4375 
4466 

4531 
4S47 
4647 
4691 
4736 
4789 
4859 
4878 
4919 
Sooi 
5012 
5110 
S167 
5192 
5232 
5266 
5371 
5569 
5615 
5658 
6027 
6065 
6430 


934- 
SS6. 
155- 
853- 
439- 
417- 
786. 
657- 
758. 
223, 
007. 
881. 
073- 
4IS- 
492. 
363- 
9S7- 
569- 
49S- 
633- 
661. 
836. 
059- 
492. 

8S9- 


o.ooi 
.001 
.003 
.000 
.001 
.002 
.002 
.001 
.001 
.002 
.001 
.001 
.004 
.001 
.001 
.001 
.001 
.001 
.001 

.003 
.003 
.003 
.002 
.000 
.001 
0.004 


0.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 

-  .OOI 

.000 
.000 
.000 
.000 
.000 
.000 

-  .001 
.000 
.000 
.000 
.000 

0.000 


0.000 

.000 

+   .001 

+    .001 

—  .001 
.000 

+  -003 

—  003 
+  -003 
+   .002 

—  .001 


+  .001 

—  .001 
+  003 
+  .004 

+    .002 

—  .001 
4-  .002 

—  .001 
.000 
.000 

—  .002 
+  .001 
+   .002 

.000 

—  O.OOI 


+0.004 

4-  .004 

+  .003 

—  .004 

—  .006 
+  .003 

+  .002 

—  .001 
+  .006 

4-  -004 

—  .004 

—  .007 

—  003 
+  .003 
+  -003 
+  .004 
+  .001 

—  003 

—  .005 

+  .00s 

+  003 

—  .006 

—  .010 

—  .003 
+  003 

+  O.OII 


Sum  of  deviations. 
Mean  deviation .  .  . 


0.041 
0.0016 


0.002 
o.oooi 


0.036 
0.0014 


O.  Ill 

.0.0043 


PAIRS   OF    LINES 

In  fixing  the  standards,  it  becomes  important  to  determine  the 
exactness  with  which  certain  types  of  Hnes  can  be  measured. 
They  are  of  little  use  as  standards  if  different  observers  set  upon 
them  differently,  or  if  there  is  something  in  the  character  of  the 
lines  tending  to  produce  a  bias  in  the  observer's  mind  or  a  con- 
scious effort  to  avoid  a  possible  error.  In  the  lists  of  tertiary  stand- 
ards published  there  are  nine  pairs  of  lines  with  inter\als  from 
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o.  I  to  0.3  A.  In  determining  the  separation  of  such  pairs,  that  is. 
in  the  measurement  of  such  short  intervals,  neither  the  absence  of 
complete  normality  in  the  spectra,  nor  the  method  of  reduction,  nor 
small  errors  in  the  reduction  factor  can  have  an  appreciable  effect. 
The  agreement  or  the  lack  of  agreement  between  the  values  obtained 
will  indicate  the  degree  of  exactness  with  which  settings  can  be 
made  upon  such  lines  by  different  observers,  and  will  give  a  cri- 
terion for  judging  the  fitness  of  such  lines  for  standards.  The 
data  relative  to  these  nine  pairs  are  shown  in  Table  IV.  In  the 
third  column  from  the  end  is  given  the  range  in  the  separate  deter- 
minations of  the  wave-lengths.  This  reaches  very  high  values 
such  as  0.012,  0.014,  0.015,.  and  0.019  ^-  much  higher  than  for 
18  lines  taken  at  random.  The  range  in  the  intervals  between  the 
pairs  is  perhaps  the  most  striking,  attaining  as  it  does  a  maximum  of 
10  per  cent  of  the  quantity  measured,  and  a  mean  value  of  o.oio  A. 
It  seems  quite  evident  that  the  disturbing  effect  due  to  the  presence 
of  the  near-by  line  is  sufficient  to  render  the  settings  upon  both 
uncertain  to  a  high  degree.  This  makes  the  exact  determination 
of  the  wave-lengths  extremely  difficult,  and  seems  to  preclude  their 
use  in  a  series  of  standards  aiming  at  an  accuracy  of  o.ooi  A. 
Even  if  their  wave-lengths  should  be  well  determined  from  the 
means  of  a  great  number  of  measurements,  their  employment  as 
standards  would  not  be  advisable  because  of  the  probabiUty  of  a 
great  error  even  in  the  means  of  a  large  number  of  settings  by  a 
single  observer,  dependent  upon  the  dispersion,  the  cleanness  of 
the  hnes,  and  the  personal  eciuation. 

RELATIVE   WAVE-LENGTHS   PASADENA— MOUNT    WILSON 

Gale  and  Adams  have  shown  that  the  pressure  displacements 
of  iron  lines  increase  as  the  cube  of  the  wave-length.  Therefore 
the  changes  in  relative  wave-length  between  Pasadena  and  Mount 
Wilson  would  be  less  in  the  case  of  the  present  series,  X411S- 
X5371.  than  for  the  first,  X5371-X6494.  in  a  1:2  ratio,  and  the 
effect  due  to  a  decrease  of  one-fifth  of  an  atmosphere  would  be  less 
in  evidence.  A  few  hnes  of  groups  c  and  sub-d  have  been  referred 
to  standards  of  group  a  both  in  Pasadena  and  on  Mount  Wilson, 
and   some  lines  of  group   i;    have   been   referred    to   standards  of 
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groups  c  and  sub-d  in  the  two  series.  In  the  first  instance  the 
wave-lengths  of  lines  of  groups  c  and  suh-d  are  relatively  shortened 
at  the  higher  elevation,  and  in  the  second  instance  the  lines  of 
group  a  are  apparently  lengthened  on  the  mountain  due  to  the 
lessened  wave-lengths  of  the  standards.  The  measurements  are 
difficult  in  both  cases,  as  in  the  first  instance  the  hnes  to  be 
measured  are  of  poor  quality,  and  in  the  second  the  reference  lines 
are  poor,  though  the  lines  to  be  measured  are  of  high  quality.  The 
lines  of  group  e  will  be  displaced  to  the  red  under  the  lessened 
pressure  at  the  higher  elevation  and  hence  the  wave-lengths  will 
be  actually  longer  whatever  secondary  standards  are  used.  The 
results  in  the  three  cases  are  shown  in  Table  V. 


TABLE  V 
Change  in  Wave-Length  between  Pasadena  (244  m)  and  Mount  Wilson  (1794  m) 


a  Lines  against 

c  AND  suh-d  Lines 

e  Lines 

AGAINST 

c  AND  sub-d  Standards 

against  0 

Standards 

a.  b,  AND  d 

Standards 

\ 

P.-Mt. 

A 

P.-Mt. 

A 

P.-Mt. 

4924 

—  0 . 004 

5005 

+0.004 

4191 

—  0.008 

4939 

—    .003 

5006 

-1-    .004 

4556 

-    .003 

4994 

—    .005 

5°^A 

-f-    .002 

5074 

—    .002 

S194 

—   .002 

5022 

-|-    .004 

5133 

-    .018 

5202 

—    .002 

5068 

-1-      005 

5364 

—  0.002 

5216 

—    .001 

S139 

—    .001 

5227 

.000 

5139 

+    .003 

5242 

—    .002 

S191 

-1-    .004 

5269 

—     .OOI 

S339 

-1-0.003 

5270 

-l-o.ooi 

Mean .  .  . 

—0.0019 

-1-0. 003 1 

—  0.007 

REVERSED   LINES 

We  have  given  in  the  last  column  of  Table  II  the  measurements 
made  upon  the  reversals  and  upon  the  hnes  when  unreversed.  In 
the  case  of  the  strong  lines  XX  4307 ,  43 2 5 ,  4383 ,  and  4404,  the  measure- 
ments upon  the  reversals  are  the  more  reliable,  as  these  lines  when 
not  reversed  are  broad  with  edges  often  much  fringed.  The  Une 
X  4271  is  a  good  line  under  all  conditions,  and  X  4415  is  an  excellent 
line  with  sharp  edges.  It  was  not  reversed  upon  our  plates.  These 
lines  are  referred  to  standards  of  good  quality  and  if  measured 


26 


CHARLES  E.  ST.  JOHN  AND  L. 


WARE 


as  reversals  any  large  variations  could  hardly  be  due  to  errors  in 
the  settings.  The  conspicuous  differences  between  our  results 
and  Kayser's  for  XX  4271  and  4307  we  are  unable  to  explain.  An 
appeal  to  the  Rowland  wave-lengths  gives  no  new  light  as  the 
differences,  Rowland— Kayser,  for  these  two  lines  are  still  incon- 
sistent with  the  other  Rowland— Kayser  differences.  He  gives 
a  strong  Ca  hne  near  X  4307  which  has  never  appeared  upon  our 
plates,  and  which  if  present  at  a  distance  of  0.073  ^^  from  the  strong 
Fc  Hne  would  make  an  exact  determination  impossible. 

T.-XBLE  VI 
Comparison  of  the  Wave-Lengths  of  Lines  When  Reversed  and  Unreversed 


Reversed 

Unreversed 

Wt. 
Mean 

Mean  — 
Kayser 

Mean  — 
Go  OS 

Rowland 
—Mean 

P. 

Mt. 

P. 

Mt. 

— K.wser 

4271.. 

■76s 

.766 

.765 

•763 

.764 

4-0.019 

0. 170 

0.189 

4307- ■ 
4325- • 

.910 
.769 

.909 
.767 

.904 
.764 

.909 
.766 

.908 
.766 

-    ^037 
+     003 

—  0.004 
-|-    .002 

•173 
•173 

.136 
.176 

4383- ■ 

•SSI 

•SSO 

•S46 

•547 

•549 

-    .003 

—    .002 

.171 

.168 

4404. . 

•757 

•7SS 

•752 

•754 

•754 

+    .001 

—    .001 

■173 

•174 

4415- • 

.128 

.127 

.127 

-I-0.002 

—  0.002 

0.166 

0.168 

THE    PRECISION   OF   THE    MEASUREMENTS 

The  internal  agreement  of  the  series  of  1Q12  was  indicated  by 
a  mean  probable  error  of  o .  0007  A  and  o .  0006  A  for  the  Pasadena 
and  mountain  plates,  respectively,  in  the  case  of  good  lines.  The 
two  series  of  1913  contain  fewer  plates  but  both  are  of  better  quality, 
particularly  the  Pasadena  series.  In  the  series  of  1913  all  lines 
— many  of  poor  quality — have  been  included.  The  lines  have  been 
measured  on  the  average  9  times;  the  mean  probable  errors  for 
a  single  Hne  are  0.0006  A  and  0.0007  -A'  respectively,  for  the 
Pasadena  and  mountain  series.  If  the  Hnes  of  groups  d,  sub-d, 
and  e  were  omitted,  as  in  the  case  of  the  191 2  series,  the  probable 
errors  would  be  less  than  for  that  series,  even  with  the  smaller 
number  of  measurements  per  Hne,  as  would  be  anticipated  from  the 
better  quaHty  of  the  plates.  Other  Hnes  grouped  about  X  4900 
and  belonging  to  group  c.  class  5,  are  accountable  in  part  for  the 
large  residuals.  In  the  case  of  these  Hnes,  as  for  those  belonging 
to  group  sub-d.  it  is  difficult  to  reach  a  precision  greater  than 
0.002  A. 
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A  short  region,  X  5371-X  5506,  is  common  to  the  191 2  and  1913 
series  of  determinations.  It  is  of  interest  to  see  what  degree  of 
agreement,  in  the  case  of  Unes  belonging  to  the  better  group  a, 
may  be  obtained  by  the  same  observers  working  upon  two  differ- 
ent lots  of  plates.  The  second  series  of  Pasadena  plates  was  made 
with  a  new  plane  grating  of  the  highest  quality.  The  mountain 
plates  were  obtained  with  the  75-foot  Littrow  spectrograph  of  the 
150-foot  tower  telescope.  The  comparison  in  shown  in  Table  VII. 
The  practically  complete  agreement  between  the  two  series  in 
regard  to  both  secondary  and  tertiary  standards  shows  that  the 
plane  grating  spectrograph  of  long  focus  can  be  considered  an  instru- 
ment of  high  precision  and  seems  to  justify  its  employment  when 
the  purpose  is  the  interpolation  between  standards  distributed 
through  the  spectrum,  as  are  the  international  standards  of  the 
second  order. 

TABLE  VII 
Standards  Common  to  the  Two  Series 


1912 

1913 

1912-1913 

5371 -495 

495 

0.000 

5429 

702 

702 

.000 

5434 

529 

529 

.000 

5446 

gig 

g2i 

—    .002 

5455 

614 

614 

.000 

5462 

957 

957 

.000 

5463 

268 

270 

—    .002 

5473 

917 

915 

-)-    .002 

5476 

296 

297 

—    .001 

5497 

522 

522 

.000 

5501 

470 

471 

—    .001 

5506 

784 

784 

0.000 

1.  The  results  of  our  investigation  of  the  secondary  standards 
from  X  4282  to  X  5371  are  as  favorable  as  for  the  yellow-red  region. 
Of  the  32  standards  of  the  second  order  in  the  blue-green  region  we 
find  adjustments  indicated  in  the  case  of  four  lines  only,  amounting 
to  o.ooi  A  for  two  Unes  and  to  0.002  A  in  the  case  of  two.  Sum- 
ming up  the  two  investigations,  we  conclude  that  there  are  no 
errors  n  relative  wave-length  of  the  53  secondary  standards 
exceeding  0.002  A. 
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2.  The  secondary  standards  belong  to  groups  a,  6,  c  4.  c  5.  and 
sub-d.  and  the  quality  of  the  lines  of  the  several  groups  is  in  the 
order  given  for  the  groups. 

3.  It  would  be  a  gain  if  all  the  lines  of  group  sub-d  could  be 
replaced  by  Unes  of  better  quaUty.  This  is  easily  feasible  for  the 
region  X5192-X5324,  where  excellent  lines  of  group  a  are  well 
distributed. 

4.  From  a  comparison  of  the  measured  intervals  between  close 
pairs  of  lines  it  appears  that  the  wave-lengths  of  the  components 
cannot  be  determined  with  sufficient  accuracy  to  fit  them  for 
standards. 

5.  In  the  case  of  reversed  lines,  measurements  made  upon  the 
sharp  reversals  are  the  more  reliable. 

6.  The  change  in  relative  wave-length  between  Pasadena  and 
Mount  Wilson  is  less  easy  to  substantiate  in  the  blue-green  region, 
but  it  appears  distinctly  in  the  means. 

7.  The  large  discrepancies  between  observers  in  the  case  of 
lines  of  groups  d  and  e  appear  to  us  attrbutable  to  the  marked 
unsymmetrical  broadening  of  these  lines  near  the  negative  pole  of 
the  arc. 

8.  To  eliminate  the  effect  of  this  polar  dissymmetry  we  recom- 
mend that  the  slit  of  the  spectrograph  be  placed  at  right  angles  to 
the  axis  of  the  arc  at  the  middle  point  of  the  enlarged  image. 

9.  The  consistency  of  the  various  series  of  our  investigation 
we  attribute  to  the  two  constant  factors,  the  complete  analyzing 
action  of  the  plane  grating  and  the  uniform  arc  conditions. 

Mount  Wilson  Solar  Observatory 
June  20,  1913 


WAVE-LENGTHS  IN  THE  SPECTRUM  OF  THE 

CALCIUM  ARC  IN  VACUO 

By  henry  crew  and  GEORGE  \'.  INIcCALTLEY 

The  establishment  of  the  angstrom  in  terms  of  the  meter  by 
Michelson  and  Benoit.  followed  by  the  determination  of  secondary 
interferometer  values  by  Fabry  and  Buisson,  Eversheim,  Pfmid, 
and  Bums,  marks  a  new  era  in  quantitative  spectroscopy.  Kayser's 
interpolation  of  tertiary  iron  standards  between  these  interferometer 
values  completes,  in  a  certain  sense,  a  third  step  and  leads  to  what 
is  apparently  the  next  problem  in  spectroscopy;  namely,  the 
measurement  of  all  the  lines  in  each  of  the  elements  in  terms  of 
the  international  unit  of  wave-length.  A  considerable  number 
of  such  measurements  has  already  been  made.  A  list  of  these, 
brought  up  to  date,  is  given  by  Kayser;'  besides  these  there  are 
certain  elements  for  which  the  work  has  been  done  by  interferom- 
eter methods,  with  greater  accuracy,  but  with  less  completeness. 
As  new  spectroscopic  sources  come  into  use  and  new  series  formulas 
are  suggested,  the  importance  of  these  determinations  increases. 
It  was  with  this  idea  in  mind  that  the  following  measures  upon  the 
calcium  arc  spectrum  were  undertaken.  About  the  time  of  their 
completion  appeared  Holtz's''  measures  upon  the  same  element. 
But  since  his  arc  was  used  at  atmospheric  pressure,  and  since  this 
pressure  is  sufficient  to  widen  asymetrically  many  calcium  lines 
and  completely  to  fuse  together  certain  doublets  in  one  of  the 
important  series — as  illustrated  by  Plate  I,  it  has  seemed  advisable 
to  publish  our  values  which  were  obtained  from  an  arc  working 
at  the  lowest  practical  pressure — about  one  centimeter  of  mercury — 
and  giving  sharp  lines,  as  already  demonstrated  by  Barnes^  and 
Saunders.'' 

'  Zcilschrijl  fiir  wissenschajlliche  Photographic,  12,  306,  1913. 

'Ibid.,  12,  101-122,  1913. 

3  Astrophysica!  Journal,  30,  14,  igog. 

'Ibid.,  32,  154,  igio. 
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The  electrodes  were  of  metallic  calcium,  prepared  by  elec- 
trolysis; their  cross-section  was  about  0.35  cm'';  the  average 
separation  between  electrodes — ^length  of  arc — was  about  0.5  cm. 

The  vacuum  chamber  containing  the  arc,  and  shown  in  Fig.  i, 
is  similar  to  those  used  by  Barnes'  and  Saunders.'  The  two 
electrodes  pass  through  asbestos  packing  at  opposite  ends  of  a 
cyhndrical  brass  chamber,  thus  enabling  the  operator  to  start 
the  arc  readily  and  to  adjust  for  collimation.  This  chamber  con- 
sists of  two  parts  which  unite,  by  means  of  flanges  and  clamps,  at 


'«     P4CI:. rj 


Fig.  I. — Vacuum  .\rc  Chamber 


a  horizontal  plane  passing  just  above  the  center.  In  order  to 
secure  an  air-tight  joint  a  gasket  of  "rainbow  packing"  is  clamped 
between  these  fianges.  A  side  tube  permits  the  hght  of  the  arc 
to  pass  to  the  image-lens.  A  second  side  tube,  at  right  angles 
to  the  first,  enables  the  operator  to  examine  the  arc  conveniently 
while  exposures  are  in  progress.  The  chamber  is  cooled  by  a  small 
stream  of  tap-water  flowing,  in  series,  through  two  cylindrical 
jackets,  one  about  each  half  of  the  chamber. 

The  pressure  in  the  chamber — ^approximately  one  centimeter 
of  mercury — was  maintained  by  a   Gerj'k  pump  and  measured 

'  Aslrophysical  Journal,  27,  153,  1908.  '  Loc.  cit. 
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wnth  a  closed-end  mercury  manometer.  As  a  spectroscopic  source, 
free  from  noise,  anno\dng  vapors,  and  imsteadiness,  the  calcium 
arc  under  the  above  conditions  leaves  httle  to  be  desired. 

For  a  comparison  spectnmi,  the  middle  of  a  Pfund'  iron  arc 
was  employed. 

SPECTROGR.\PH 

Our  photographs  were  obtained  from  a  ten-foot  Rowland 
concave  grating,  9  cm  wide,  ruled  with  a  total  of  50,000  lines, 
and  mounted  on  a  steel  triangle  in  the  Rowland  method.  This- 
triangle  was  carried  upon  three  brick  piers,  completely  detached 
from  the  building  and  resting  directly  upon  the  ground;  these 
three  piers  were  further  isolated  by  being  placed  in  a  room  inclosed 
only  by  interior  walls;  the  steel  triangle  was  isolated  from  the 
piers  by  blocks  of  soft  rubber.  From  X  6200  to  X  2800  the  second- 
order  spectrum  was  used;  outside  this  region  the  first-order  was 
employed. 

The  photographic  plates  employed  were  Cramer  '"Crown"  and 
Cramer  "Spectrum."  They  were  uniformly  exposed  in  the  follow- 
ing manner.  Immediately  in  front  of  the  sensitive  plate  was 
placed  a  brass  screen  with  a  single  horizontal  slot  3  mm  wide. 
Through  this  slot  the  same  part  of  the  plate  was  exposed  in  succes- 
sion to  the  iron  arc  during  half  of  its  proper  exposure,  then  to  the 
calcium  arc  during  the  whole  of  its  proper  exposure,  then  to  the 
iron  arc  during  the  remaining  half  of  its  proper  exposure.  Through- 
out these  three  exposures  nothing  about  the  spectrograph  was 
touched  or  changed  except  the  source  of  light.  The  spectrum 
strip  thus  obtained  was  the  one  used  for  measurement.  On  the 
upper  side  of  it  and  in  immediate  juxtaposition  with  it  was  photo- 
graphed the  spectrum  of  iron  alone;  on  the  lower  side,  in  Kke 
manner,  was  photographed  the  spectrum  of  calcium  alone.  These 
two  outside  spectra  were  exposed  a  little  longer  than  the  corre- 
sponding spectra  on  the  middle  strip  and  were  used  mereh"  for  the 
visual  identification  of  Ca  and  Fe  Unes. 

During  all  the  five  exposures  above  described  the  images  of 
the  arc  covered  the  same  portion  of  the  slit.     It  is  to  be  noted 

'  Astrophysical  Joiirital,  27,  296,  1908. 
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also  that  the  passage  from  the  top  to  the  bottom  spectrum  on 
each  plate  was  made  by  moxdng  the  plate  and  not  the  metal  screen; 
therefore  in  all  three  strips  one  used  the  same  central  portion  of 
the  spectral  band  produced  by  the  grating.  In  any  given  region 
of  the  spectrum  three  times  of  exposure  were  used  for  the  calcium, 
viz.,  one  just  long  enough  to  yield  the  strong  lines  as  sharp  as 
possible,  one  long  enough  to  make  lines  of  medium  intensity  as 
sharp  as  possible,  and  one  to  give  the  weak  lines  as  great  density 
as  possible. 

MEASLfREMEXT    OF    PL.ATES 

All  the  second-order  and  some  of  the  first-order  plates  were 
measured  on  a  Societe  Genevoise  dividing  engine.  The  screw 
of  this  engine  is  35  cm  long  and  has  a  pitch  of  one  millimeter.  By 
means  of  an  extra  gear  wheel,  a  Veeder  cyclometer,  and  a  correcting 
bar — a  combination  due  to  our  colleague,  Professor  Tatnall — this 
engine  enables  one  to  read  directly  to  hundredths  of  an  angstrom; 
and  since  a  division  of  the  head,  indicating  one-hundredth  of  an 
angstrom,  is  approximately  2  mm  long,  one  can  easily  estimate 
to  thousandths  of  an  angstrom. 

The  wave-lengths  from  the  first-order  plates  were  also  obtained 
by  means  of  a  very  superior  measuring  engine  made  by  Mr,  F,  Kiing, 
the  university  mechanician.  The  screw  of  this  engine  was  cut  with 
a  pitch  which  differed  by  only  one  part  in  ten  thousand  from  a  length 
equal  to  10  angstroms  on  the  first-order  plates.  On  the  head  of 
this  screw  one-hundredth  of  an  angstrom  corresponds  to  0.35  mm 
in  length. 

The  wave-lengths  were  determined  as  follows:  The  reading 
microscope  and  cyclometer  were  so  adjusted  that  the  reading  of 
the  engine  for  a  standard  iron  Une  near  one  end  of  the  plate  was 
identical  with  its  wave-length.  The  successive  positions  of  all 
the  lines  appearing  in  the  calcium  spectrum  and  of  a  sufficient 
number  of  standard  iron  lines  were  read.  This  process  was  repeated 
twice.  The  mean  of  these  three  sets,  considered  as  a  single  deter- 
mination, was  then  corrected  as  follows:  A  curve  was  plotted  in 
which  wave-lengths  were  used  as  abscissae,  while  the  dift'erences 
between  the  wave-lengths  of  the  iron  standards  and  our  engine 
readings  for   these   same   lines   were   employed   as  ordinates,     A 
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smooth  curve  drawn  through  the  points  thus  located  gave  us 
graphically  the  correction  needed  to  reduce  the  readings  of  each 
line  to  the  scale  of  the  iron  standards;  i.e.,  to  terms  of  the  inter- 
national unit. 

RESULTS 

In  this  manner  were  obtained  the  wave-lengths  of  the  calcium 
arc  in  vacuo  given  in  the  first  column  of  the  above  table ;  in  column 
2  follow  the  intensities  on  the  customary  scale  running  from  i  to 
10;  in  column  3  are  the  values  obtained  by  Holtz  for  the  arc  at 
atmospheric  pressure,  using  CaCO,  in  cored  carbons;  in  column  4 
are  placed  the  divergences  between  our  values  and  those  of  Holtz; 
in  column  5  is  indicated  in  Saunders"  notation  the  series  to  which 
the  line  belongs. 

Abbreviations  used  in  the  table  are  as  follows:  R  denotes  a 
reversed  line;  wA,  one  which  is  wide  and  hazy;  an  asterisk  indicates 
a  line  hitherto  unobserved. 


'  Astrophysical  Journal,  32,  178,  igio. 
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DISCUSSION 

The  lines  measured  include  all  those  found  by  Kayser  and 
Runge/  with  the  exception  of  XX  4624. 71,  3166.95,  and  3101.87. 
These  last  two  are  to  be  identified  probably  with  our  lines  at  3164 .  62 
and  3102.38,  which  satisfy  more  nearly  the  series  formula  proposed 
by  Kayser  and  Runge.  Of  the  new  Hnes  discovered  by  Saunders 
in  the  region  studied,  the  following  eighteen  were  not  observed  by 
us: 


1837  1 

2083.2 

2216. 7 

-'335 -o 

5342.4 

678435 

1839- 8 

2097 . 8 

2249.8 

2354.7 

6261.7 

6789.6 

2072.8 

2118.99 

2287.9 

2373.3 

6395 -4 

6798.9 

For  the  sake  of  completeness,  reference  is  also  made  to  the 
lines  of  calcium  measured  by  Paschen'  and  Hermann'  in  the  infra- 
red, and  to  those  measured  by  Lyman''  in  the  ultra-violet. 

Of  the  eleven  new  Hnes  observed  by  us,  all  belong  to  the  first 
subordinate  series  of  main  triplets,  except  XX  3180.52,  3972.58, 
and  2 1 13. 19.  The  line  at  3180.52  probably  belongs  to  the  second 
subordinate  series  of  main  triplets,  replacing  X  3181.28  empl  yed 
by  Kayser  and  Runge,^  and  fills  the  place  left  vacant  in  Saunders' 
classification,**  which  makes  X  3181.28,  from  its  close  relationship 
with  the  pair  XX  3 1 58 .  88  and  3 1 79 .  34 ,  a  satellite  ofX3i79.34.  The 
fine  at  3972.58  appears  to  be  the  missing  member  of  Saunders'^ 
series  SL3,  while  X 21 13. 91  appears  to  be  a  satelHte  of  the  longer 
line  in  the  pair  XX  2 103 .  24  and  2 1 1 2 .  76  of  the  first  subordinate  series 
of  pairs.  It  is  therefore  the  line  analogous  to  X  3181.28.  The 
new  lines  in  the  structure  of  the  first  subordinate  series  of  main 
triplets  are  analogous  to  XX  4435.67,  4455.88.  and  4456.62,  as 
may  be  readily  seen  from  the  table.  X  3362 .  28  may  be  one  of  the 
spurious  lines  accompanying  X  3361.92  and  due  to  this  grating, 
which  has  the  peculiarity  of  giving  several  sharp  companions  to 
each  strong  line,  all  within  the  first  ghost  distance.  However, 
on   the  two  plates  from  which  X  3362.28  was  measured,   these 

■  Aniiakn  der  Physik,  43,  391,  1891. 

'  Ibid.,  20,  651,  igog.  '  Loc.  cil. 

i  Ibid.,  16,  684,  1905.  '•  Astro  physical  Journal,  32,  i6g,  1910. 

*  Asirophysical  Journal,  35,  341,1912.  ^  Ibid.,  32,  157,  1910. 
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spurious  lines  were  not  prominent  and  seemed  to  be  clearly  sepa- 
rated from  the  line  in  question.  We  therefore  give  this  wave- 
length as  a  "candidate"  for  the  position  in  the  calcium  triplet  at 
this  point  analogous  to  each  of  the  positions  occupied  by  X  4456 .  61 
and  X  3644.99  in  the  longer  triplets  of  this  same  series. 

The  divergences  between  our  measures  and  those  of  Holtz  are 
seldom  greater  than  one-hundredth  of  an  angstrom;  the  principal 
exceptions  are  those  lines  characterized  by  Holtz  as  being  hazy 
or  widened  either  to  the  red  or  to  the  violet.  A  few  noticeable 
cases  in  which  the  foregoing  statement  does  not  apply  are  worthy 
of  mention.  The  divergence  in  the  measures  of  X  3286.06  is 
explained  by  ascribing  to  it  the  same  physical  character  as  to  the 
other  two  lines.  XX 3274. 66  and  3269.09.  of  this  triplet.  A  similar 
statement  holds  in  the  case  of  the  "narrow  triplet,"  X 4578. 57, 
X4581 .41,  andX4585.87,  which  should  have  the  same  appearance — 
a  widening  to  the  red — as  the  next  triplet,  X 4092. 65,  X 4094. 94,  and 
X  4098. 55,  in  the  same  series.  The  large  discrepancy  in  X  5512 .98 
and  the  systematic  differences  in  the  measures  of  all  lines  longer 
than  X  5800,  we  are  unable  to  explain. 

The  average  divergence  between  our  own  measures,  made  from 
different  plates,  and  by  dift'erent  observers,  was  only  six-  or  seven- 
thousandths  of  an  angstrom  unit.  This  seemed  to  warrant  the 
use  of  the  third  decimal  in  the  final  values  except  for  a  few  very 
weak  and  difficult  lines  which  have  been  entered  in  the  table  with 
two  decimal  figures  only. 

The  identity  of  X  6707 .87  has  not  been  satisfactorily  established. 
Adams'  thinks  that  it  may  be  an  impurity,  possibly  lithium; 
while  Holtz^  concludes  positively  that  it  is  due  to  calcium,  since 
other  lithium  lines  of  equal  intensity  do  not  appear  on  any  of  his 
photographs.  We  have  included  the  hne  in  our  list  without 
undertaking  at  this  time  to  ascertain  its  origin. 

I'KIN'CIP.AL    IMPURITIES 

In  the  calcium  were  found  as  impurities:  magnesium,  strontium, 
manganese,  silicon,  sodium,  iron,  and  aluminium. 

■  Aslrophysical  Journal,  30,  92,  1909. 
'  Loc.  cit. 
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Reliable  measures  were  made  on  the  following  lines: 

Hi  Sr                           Mn                          Sa 

2795-540           3838.296  4077.723  4030.754           5889.963 

2852.132           4481.104  4215.525  4033.064           5895.929 

3829.361            5172.642  4607.336  4034.484 
3832.308           5183.598 

UNDDEXTIFIED    LINES 

The  following  twenty-six  lines  which  appeared  repeatedly  on 
the  photographs  are  unidentified:  it  is,  of  course,  not  impossible 
that  some  of  them  belong  to  calcium. 


2721 .646 

3045-751 

3099-341 

3795-618 

4506.624 

3018-551 

3055  321 

3461.896 

4109.825 

4507-417 

3024.927 

3071-575 

3108.577 

4110.330 

4547-878 

3034-524 

3076 . 988 

3594  083 

4137.922 

6259-753 

3041.046 

3080.819 

3683.714 
3694.108 

4496.158 

6456.907 

COMPARISON   OF   ARC   AND   SPARK   SPECTRA 

A  comparative  study  of  the  spark  at  reduced  pressure  was  made 
from  a  series  of  photographs  of  the  arc  and  spark  taken  side  by 
side.  The  same  electrodes  and  same  vacuum  chamber  were  used 
for  the  spark  as  for  the  arc.  Step-up  transformers  were  employed 
to  furnish  the  potential  needed  for  the  spark.  One  of  these  has  a 
closed  magnetic  circuit  and  transforms  from  100  to  5000  volts; 
the  other  has  an  open  magnetic  circuit  and  transforms  from  100 
to  2500  volts;  but  the  latter  furnishes  much  greater  current  in  the 
spark  circuit  than  can  be  obtained  with  the  former.  The  spectrum 
of  the  spark  under  a  pressure  of  one  centimeter  of  mercury  was 
found  to  be  relatively  weak  in  calcium  and  strong  in  cyanogen  and 
nitrogen  bands.  The  heads  of  these  bands  appear  stronger  in  the 
spark,  while  the  "structure"  lines  are  stronger  in  the  arc.  At  a 
pressure  of  48  cm  the  photographs  are  entirely  free  from  bands 
of  cyanogen  and  nitrogen,  and  more  calcium  lines  make  their 
appearance. 

The  only  lines  appearing  in  the  spark  and  not  in  the  arc  were 
identified  either  as  air  lines  or  "spark"  fines  of  impurities.  Even 
with  exposures  that  bring  out  the  faint  fines  XX  3644.76,  3644.99, 
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3350.36,  and  3344.51  of  the  first  subordinate  series  of  main  triplets, 
no  trace  is  found  of  the  lines  hsted  by  Eder  and  Valenta'  as  charac- 
teristic of  the  spark.  Nor  did  X  2373.27  and  X  4132.7  of  Exner 
and  Haschek''  appear. 

BAND    SPECTRA 

In  addition  to  the  bands  already  studied  by  OInistead'  and 
Eagle,"  the  arc  spectrum  of  calcium,  at  reduced  pressure,  shows 
several  bands  which  make  their  appearance  only  during  the  first 
half-hour  of  exposure  with  fresh  calcium  electrodes.  These  lie 
in  the  region  X  6700-X  7000  and  at  X  3500,  and  present  a  structure 
of  fairly  sharp  lines  with  no  continuous  background.  The  origin 
of  these  bands  we  have  left  undetermined. 

Physical  Laboratory 

Northwestern  University 

September  27,  1913 

'  Denkschriften  der  Wiener  Akademic,  67,  1898. 
'  Die  Spectren  der  Etemente,  Wien,  191 1. 

*  Astro  physical  Journal,  30,  231,  1909. 

*  Ibid.,  27,  66,  1908. 


MEASURES    OF    VARIABLE    RADIAL    VELOCITIES    OF 

STARS 

By  0LI\ER  J.  LEE 

In  the  course  of  measuring  Bruce  spectrograms  the  ten  stars 
given  in  the  first  list  below  were  found  to  be  binaries.  In  the  fourth 
column,  "Observer,"  A  =  Adams;  Ar  =  Arbogast;  B  =  Barrett; 
F  =  Frost;  L  =  Lee;  M  =  S.  A.  Mitchell.  F.  R.  SulUvan  has  assisted 
in  obser\ang,  as  usual. 


Sgj  Piscium  (o  =  i 

"la-;   5  = 

+3°S';   Mag.  =  5.3) 

Plate 

Date 

G.M.T. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB  2108    

iQog  Aug.  20 
Aug.  27 

1910  Aug.  25 
Nov.  28 

20    50 

20     6 

14   40 

L 
L 
L 
F 

6 

9 
6 

5 

km 

+  27 
+  16 
+  18 
—  12 

g- 
%■ 
v.w. 
w. 

2494 

2569 

The  spectrum  is  classified  as  of  type  A2.  It  has  numerous 
metalhc  lines  which  are  diffuse  and  on  all  the  plates  give  the  effect 
of  unresolved  components  of  unequal  intensity.  On  plate  No.  2 1 20 
the  edges  of  the  lines  were  sharp  and  supposed  components  were 
measured,  giving  —30  km  and  +73  km  from  8  and  6  Unes  respec- 
tively. Mg  X  4481  alone  shows  a  range  of  velocities  of  45  km  when 
referred  to  the  sun. 


73i'  Cell  (a  = 

2''23«';   5 

=  +8°i' 

;   Mag.= 

=  4.3) 

Plate 

Date 

G.M.T. 

Taken 
by 

No.  of 
Lines 

Velocity 

Velocity 
A  4481 

Quality 

IB     2123 

2132 

2S47 

2SS9 

1909  .\ug.  30 
Sept.  10 

1910  Oct.    28 
Nov.     7 

I9''43"" 
19  59 
17  31 
IS  lo 

B 
L 

B,  Ar 
F,  Ar 

9 

7 
4 
S 

km 
+   4 

+   6 

+  20 
+  13 

km 
+   4 
+   9 

+  24 
+  13 

v.g. 
g- 
V.g. 
v.g. 

The  spectrum  is  of  class  A.     The  Mg  line  X4481  is  by  far  the 
best  on  our  plates  and  velocities  derived  from  it  were  reduced  to  the 
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sun  and  tabulated  as  above  after  duplicate  measures  on  it  had  been 
made. 

125  Taiiri  (o  =  5''34'°;   5  = -|- 25=50';   Mag.  =  5.0) 


Plate 

Date                 G.M.T. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB    2887 

1911     Dec.     3 

igi2     Dec.  10 

Dec.  30 

I7''57°' 
17  36 
IS  4S 

L 
M 
B 

7 
6 

3 

km 
+  13 
+63 
+    I 

v.g. 
g- 
v.g. 

3194 

3223 

This  star  has  a  spectrum  of  type  B3.     The  lines  are  simple. 
40  Aurigae  (o  =  6''o°';   5=+38°3o';   Mag.  =  5.3) 


Date 

G.M.T. 

Taken 

BV 

Stronger  Comp. 

Weaker  Comp. 

QCAl- 
IIV 

Plate 

Velocity 

No.  of 
Lines 

Velocity 

No.  of 
Lines 

IB    3512.. 
3517 
3519- 

1913  Oct.  2 
3 
6 

2t    24 
21    31 

L 
L 
B 

km 

-58.5 
-35  6 
+  22.8 

12 
16 
7 

km 

+  130.8 
+  92  9 

9 
10 

g- 
g- 

w. 

This  star,  of  spectral  type  A,  has  numerous  good  metallic  lines. 
No.  3519  shows  the  two  components  superposed.  The  orbits 
will  be  discussed  when  sufficient  data  have  been  obtained. 

24  Canum  Venaticorum  (o=i3''3o'°;   J  =  +49°32';   Mag.  =  4.6) 


Date 

G.M.T. 

> 

Center 

Violet 
Comp. 

Red  Comp. 

> 

Plate 

1 

> 

V 

No. 

Velo- 

No. 

Velo- 

No. 

Velo- 

3 

H 

Lines 

city 

Lines 

city 

Lines 

city 

s 

D 

km 

km 

km 

IB   1983 

1909  Feb.    s 

2l''24"' 

L 

6 

-32 

2 

+  8 

S 

+.S4 

Ar 

K- 

4 

-   4 

•; 

-38 

4 

+  ';8 

L 

2337 

1910  May  20 

16  56 

B 

7 

-26 

4 

-51 

4 

+40 

-Ar 

R- 

10    —22 

3 

-60 

3 

+26 

L 

2662 

1911   Jan.   2^ 

20  57 

B 

6    +  I 

I 

-4') 

I 

+72 

Ar 

w. 

7    +14 

4 

-41 

4 

+6<; 

L 

2668 

Jan.   27 

'-'      4 

\r 

^    +18 

II 

-.V3 

6 

+64 

L 

K- 

2694 

Mar.   3 

'"    ^'- 

\r 

14-8 

I 

-S8 

I 

+20 

Ar 

g- 

This  spectrum,  of  type  A3,  has  numerous  lines  which  are  diffuse 
and  hard  to  analyze  when  complicated  by  doubling.     The  com- 
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ponents  are  of  nearly  equal  brightness.  On  No.  2668  Arbogast 
measured  the  middle  points  of  4  lines,  the  mean  of  which  reduced 
to  the  sun  is  —23  km.  On  No.  2694  my  velocity  for  the  center  is 
—  16  km  from  8  lines.  Our  measures  were  made  independently 
and  the  binary  nature  of  the  star  was  first  noted  by  Arbogast. 

jj  Boiilis  (a  =  i4''3S"';    5  =  +44°5o';   Mag.  =  s.4) 


Plate 

Date 

GMT. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB    3282 

3331 

3348 

1913     Feb.     5 
Mar.  31 
Apr.   16 

18  42 
17    26 

L 

L,  M 

B 

5 
4 
4 

km 
+  15 

-  6 

—  21 

g- 
v.g. 
v.g. 

This  is  an  A-type  spectrum.     The  metallic  lines  are  faint  but 
measurable. 

27 p  Librae  (a=is''i2'»;   S=— 9°i';   Mag.  =  2.7) 


Date 

GMT. 

Taken  by 

No.  of 
Lines 

V'elocity 

1904     May  10 

I4>.58"> 

F,  B 

3 

km 
-18 

1910     Mar.  14 

21     2 

B 

4 

-29 

May  13 

19  16 

L 

4 

-53 

May  20 

19  51 

L 

3 

-65 

191 1     Mar.    3 

2i    23 

Ar 

4 

—  12 

IB  337- 
2308. 
2334 
2340. 


v.g. 
v.g. 


This  spectrum  is  of  type  B8  and  the  hydrogen  lines  alone  are 
measurable.  Low  dispersion  and  fine-grained  plates  should  be 
used  in  further  investigation  of  it. 

B.D.  2j°4i6s  (a  =  2o''ii"';   <S=+25°i7';   Mag.  =  4,8) 


Date 

G.M.T. 

>- 

Center 

Violet 
Com  p. 

Red  Comp. 

Plate 

No. 

of 

Lines 

Velo- 
city 

No. 

of 

Lines 

Velo- 
city 

No. 

of 

Lines 

Velo- 
city 

Quality 

IB      47 
59 
69 

78 
372 

1903  June  13 
July   24 
Sept.    s 
Sept.  18 

1904  June  18 

I9''22"' 
20    14 
15    22 
13    31 
20    19 

A 
F 
A 
A 
B 

6 
3 
3 
2 
S 

km 
-14 
-23 
-15 
+  20 
—  II 

km 

km 

V.  strong 
v.g. 
v.g. 
v.g. 
g- 

3 

I 

2 

6 

-85 
-80 
-40 
-58 

3 

I 

2 

5 

+30 
+40 
+88 
+.S5 
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This  star  has  a  spectrum  of  type  B3.  The  lines  are  diffuse  and 
hard  to  analyze.  The  Hne  Mg  X  4481  is  widely  double  on  No.  372 
and  is  certainly  single  on  No.  59.  Without  doubt  this  star  is  a 
binary  showing  two  spectra.  The  spectrum  shows  striking  changes, 
possibly  due  to  causes  other  than  those  of  velocity. 

3j  I.  Aquarii  (a  =  22''i"';    5=— i4°2i';   Mag.  =  4.4) 


Plate 

Date 

G.M.T. 

Taken  by 

Stronger 
Component 

Weaker 
Component 

Quality 

IB    1755 

1908     Sept.  25 
Sept.  29 
Oct.      2 
Oct.     9 
Oct.    12 

I4''36» 
14  47 
16  35 
13  10 
12  27 

B 
L 
B 
L 
L 

km 
-68 
+   9 
-87 
-07 

km 
+   46 
-130 
+   48 

g- 
g- 
w. 

g- 
g- 

1766 

1780 

1789 

—  66          4-10, 

The  measures  given  above  are  on  the  Mg  line  X  4481  alone, 
this  being  the  only  interpretable  Hne  in  the  spectrum.  The  char- 
acter of  the  Hne  changes  greatly.  The  period  may  be  short.  The 
spectrum  is  of  type  B8. 


18  X  Piscium  (a 

=  23''37'" 

S=  +  i 

°i4';  Mag.  =  4.6) 

Plate 

Date 

GMT. 

Taken 
by 

No.  of 
Lines 

Velocity 

Measured 
by 

Quality 

km 

IIB            3... 

1903     Sept.  19 

i6''45» 

F 

S 
II 

+  11 
+  5 

F 
L 

P- 

IB        91 

Sept.  25 

16  36 

F 

9 
10 

+  19 

+  23 

F 
L 

g- 

199 

Dec.     I 

12  29 

F,  .\ 

7 
10 

+  6 
+  8 

F 
L 

vg. 

217 

Dec.  25 

12  ig 

A,  F 

7 
13 

+  10 
+  9 

F 
L 

g- 

585.... 

1905    Sept.  18 

17  II 

F 

6 

+36 

L 

w. 

1238 

1907    Nov.  22 

12  SI 

B,L 

10 

+  12 

L 

v.g. 

2764 

191 1    July  14 

20  55 

B 

II 

+  20 

L 

v.g. 

This  spectrum  is  of  type  A5.  It  has  numerous  good  Unes  which 
seem  to  be  overlapping  components.  An  attempt  was  made  to 
measure  them,  but  similar  lines  did  not  show  the  proper  consistency 
and  the  results  are  therefore  not  given.  The  dispersion  of  two  and 
three  prisms  can  be  used  to  advantage  on  this  star.  Duplicate 
measures  on  No.  585  gave  +34  and  +38  km  from  4  and  6  lines 
respectively. 
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The  following  eighteen  stars  have  been  pre\'iously  announced 
here  or  elsewhere  as  spectroscopic  binaries.  The  plates  here  meas- 
ured were  obtained  for  the  most  part  in  the  course  of  the  regular 
program-  with  the  Bruce  spectrograph,  generally  prior  to  the 
announcement  of  the  variable  velocity  of  the  stars  by  other 
observers.  The  director  has  removed  all  of  these  stars  from  the 
observing  program  for  the  present. 

15  K  Cassiopeiae  (a  =  o''27"';    5  =  -|-62°23';   Mag.=4.2) 


Plate 

Date 

GMT. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB     1718 

1908  Sept.  7 
Sept.  8 
Oct.     s 

1910  .\ug.  8 
Aug.  12 

i6''25'» 
15  10 
IS     7 
1838 
19  46 

B 

L 

F,  L 

L,  B 

L 

9 

10 
8 
5 
7 

km 

-  3 

-  8 

+     2 
-16 

-  10 

g- 
g- 
v.g. 

w. 
g- 

1727 

2475 

2482 

The  variable  velocity  of  this  star  was  announced  in  the  Lick 
Observatory  Bulletin,  6,  141,  191 1. 

2px  Andromedae  (a  =  o''32";   S=-)-33°io';  Mag.  =  4.4) 


Plate 

Date 

GMT. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB    1177 

I185 

II97 

1230 

1907     Sept.  23 
Sept.  24 
Oct.    II 
Oct.    22 

18  29 
17  28 
15  41 

L 

F,  L 

B 

F 

7 
6 
5 
7 

km 

+  67 
+68 
+  26 
+  14 

v.g. 
v.g. 
g- 
V.g.  . 

This  binary  was  announced  by  Frost  and  Adams  in  this  Journal, 
18,  384,  1903,  from  their  measurement  of  three  earlier  spectrograms. 

46  u  Cassiopeiae  (o  =  i'>48'";   J=+68°i2';   Mag.  =  5.o) 


Plate 

Date 

G.M.T. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB     2142 

2799 

2862 

1909     Sept.  20 

191 1     .\ug.  18 

Nov.  20 

Nov.  25 

i8'>45'° 
20  12 

12  9 

13  49 

L,  B 
B 
L 
B 

3 
4 
6 
S 

km 
-35 
-28 

-  7 

—  I 

w. 

g- 

2863 

g- 
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This  spectrum  is  of  t>'pe  B8  and  the  hydrogen  and  hcHum  hnes 
are  strong  and  fairly  sharp.  The  variable  velocity  was  announced 
by  Adams  in  Publications  of  the  Astronomical  Society  of  the  Pacific. 
24,  129,  1912. 

4g  Persei  (o  =  i''56°';   5  =  +  54V;  Mag.  =  5.o) 


Plate 

Date 

GMT. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB     1171      

1907  Sept.  21 
Sept.  24 
Dec.  II 
Dec.  16 

1908  Jan.    14 

2o'>44'° 
20  47 

11  47 

12  54 
16  50 

B 

L 

L,  B 

B 

4 

I 

5 
4 

km 
—    6           v.g. 

1187 

i'8? 

g. 
g- 
g- 

1288 

+    I 
+   2 

1328 

B     . 

The  variable  radial  velocity  of  this  star  was  announced  by 
Frost  and  Adams  in  this  Journal.  19.  152,  1904.  where  will  be  found 
their  measures  of  four  earUer  plates. 

^jT>  Eridani  (a= 3^49";   S=— 24°54';  Mag.  =  4.8) 


Plate 

Date 

G.MT. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB      639 

1905  Dec.  15 
Dec.  25 

1906  Jan.    26 
Oct.    19 
Nov.    I 

1908    Jan.    13 

I5''37"' 
15  34 

14  0 
19  20 
1857 

15  42 

F 

F 
F 
B 
F 
L 

7 
5 
6 

7 
3 
4 

km 
+  27 
+  22 
+  29 

+  8 
+  8 
+  3 

649 

657 

885 

g- 
vg- 

903 

1320 

g- 
g- 

The  binary  character  of  this  star  was  announced  by  Frost  in 
this  Journal,  25,  64,  1907,  from  preliminary  measures  on  the  first 
five  plates  given  above.  My  measures  of  them  and  of  No.  1320 
are  to  be  considered  as  definitive.  Mr.  Ichinohe  assisted  in  securing 
four  of  these  plates. 

4j  «  Persei  (a  =  3''5i";   *  =  +39°43';   Mag.  =  3.o) 


Plate 

Date 

G.M.T. 

Taken  by 

No.  of 
Lines 

Vdocity 

Quality 

IB    1176 

I188 

"93 

1907     Sept.  23 
Sept.  24 
Oct.      7 

i8''2s'° 

21  31 

22  33 

T-                 3 

1.                 (. 

1^        '         5 

1         '^ 

km 
—  22 
+  13 

Max.  —71 
Min.  +67 

V.g. 
v.g. 
v.g. 
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Measures  of  five  earlier  plates  of  e  Fersei  were  published  in 
this  Journal,  19,  152.  1904,  by  Frost  and  Adams.  These  observers 
commented  upon  the  complexity  and  changes  in  the  lines  but  did 
not  measure  components. 


g4TTaiiri  (a  =  4''36" 


Mag.  =  4. 3) 


Plate 

Date 

G.M.T. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB     443 

1904  Nov.    8 
Dec.  30 

1905  Sept.  18 
1907     Dec.  II 

14  35 
19  58 
14  50 

F 
F 
B 
L 

6 
8 

2 

6 

km 
+  6 
+39 
-17 
+51 

v.g. 

466    

588 

w. 

1286 

This  helium  star  was  announced  as  a  binary  by  Frost  and  Adams 
in  this  Journal,  17,  246,  1903,  from  the  measures  of  three  early 
high-dispersion  plates  taken  with  a  short  camera.  The  orbit  has 
been  pubHshed  by  Parker  in  Journal  of  the  Royal  Astronomical 
Society  of  Canada. 


<  T  Orionis  (a  =  5''i3";    *=— 6°S7';   Mag.  =  3.7) 


Plate 

Date 

G.M.T. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB      931 

968 .. .       . 

1906  Dec.   17 

1907  Feb.      2 

1908  Feb.     2 

17"  3" 

15  18 

16  29 

F 

Fox 

Jordan 

4 
8 
3 

km 
+  29 
+  26 
+  25 

g- 

1399 

vv. 

The  binary  nature  of  this  helium  star  was  announced  in  this 
Journal,  25,  64,  1907,  by  Frost. 


30T  Canis  majorls  (a=7''i5"';   5=— 24°47';   Mag.  =  4.4) 


Plate 

Date 

G.M.T. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB      712 

1906  Mar.  23 
Mar.  30 
Apr.     2 

1907  Feb.     7 
1909     Mar.    I 

I4''I9"' 

14  4 
13  30 

15  48 

15  52 

F 
F 
F 
F 
F 

2 

5 
7 
2 
8 

km 
+  78 
+48  ■ 
+38 
+   0 
+92 

g- 
g- 

g- 
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The  variable  velocity  of  this  star  was  announced  by  Frost  in  a 
footnote  on  p.  265  of  the  Astropkysical  Journal,  23,  1906.  Measures 
of  four  Lick  plates  are  given  in  Lick  Observatory  BtiUetiii,  6,  145, 
1911. 

Stt  Virginis  fa^  ii''56"';     5=7°io';    Mag.  =  4.6) 


Plate 

Date 

G.M.T. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB       733 

1906  Apr.   20 
May  II 

1907  Apr.  26 
1909     Feb.     I 

is""  4" 
14  24 
16  14 
21  43 

B 
B 
F 
B 

9 
9 
10 

7 

km 

—  20 

-  8 
+  6 

g. 

g. 

1979 

g- 

This  star  was  announced  as  a  binary  by  Albrecht  in  Lick  Observa- 
tory Bulletin,  5,  175,  1910. 


2ltBodtis  (a  =  i4''i3'";    5=4-5i°5o';    Mag.  =  s.i) 


Plate 

Date 

GMT. 

Taken  by 

No.  of 
Lines 

V'elocity 

Quality 

IB     2704 

3009 

1911  May     I 

191 2  Mar.    6 
Mar.    8 

19  49 
19  30 

F,  Ar 
B 
B 

2 
7 
6 

km 
+   3 
-   3 
-16 

Poor 
v.g. 
v.g. 

The  spectrum  of  this  star  contains  numerous  rather  poor  lines. 
Measures  by  Jordan  are  recorded  in  the  Publications  of  the  Allegheny 
Observatory,  2,  123.  191 1.  There  can  be  no  doubt  of  the  actual 
variation  in  radial  velocity. 


9 

I'  Librae  (o  =  i4''45'";    *  = 

-i5°3S'; 

Mag.  =  2 

9) 

PUte 

Date 

G.M.T. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB    3010.. 

191 2    Mar.    6 
Mar.    8 
Mar.    s 

20  52 

19  16 

B 
B 
B 

9 
13 

7 

km 

-  4 

—  10 
+  26 

V.g- 
v.g. 

v.g. 
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The  binary  character  of  this  star  was  reported  by  Slipher  in 
the  Lowell  Observatory  Bulletin,  ii,  57,  1904.  The  hydrogen  lines 
on  our  Bruce  plates  are  apparently  complex,  but  there  is  no  evi- 
dence of  the  second  component  in  the  numerous  metallic  lines. 


i4iCoronae  Borealis  (a  =  i5''S7™;   5  =  +3o°8';   Mag.  =  4.9) 


Plate 

Date 

G.M.T. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB    270s 

2723 

303s 

191 1  May     I 
June    9 

191 2  Mar.  29 

i8''35" 
IS     I 
20  59 

F,  Ar 
B 
B 

4 
8 
8 

km 

-  3 
-13 

—  20 

w. 

g- 

v.g. 

The  variable  velocity  was  announced  by  Baker  in  PuUkations 
of  the  Allegheny  Observatory,  i,  121,  1909. 


S^aOphiuchi  (0=  lyi-jo";   5  =  +  i2°38';   Mag.  =  2.i) 


Stronger  Coup. 

Weaker  Comp. 

Date 

G.M.T. 

Taken 

QUAL- 

Velocity 

Quality 

Velocity 

Quality 

km 

km 

IB     1165 

1907  Sept.  16 

IS''54"' 

L 

-    16 

g- 

-|-I20 

w.g. 

v.g. 

1 168 

21 

14     7 

F 

+     4 

g- 

-     98 

g- 

v.g. 

1174 
1182 

23 
24 

15    S 

13  23 

B 

+   69 
-  3° 

v.g- 
v.g. 

F 

g- 

-I-I25 

g- 

1204 

Oct.    18 

13  10 

B 

-    79 

g- 

+    38 

g- 

v.g. 

1213 

20 

14  13 

F 

-   54 

g- 

-t-  86 

w. 

v.g. 

1219 

21 

13    0 

F,  L 

+  127 

g.  wide 

-   77 

g.  wide 

v.g- 

1228 

22 

13  S6 

F 

-   18 

Dis- 
torted 

—  140 

w.  doubt- 
ful 

v.g. 

1546 

1908  Mar.  20 

23  38 

B 

-l-ios 

Fair 

-113 

w.  wide 

v-g. 

The  spectrum  of  this  star  is  given  as  A5.  The  Mg  line  X  4481 
shows  the  components  best  on  our  plates  and  the  measures  given 
above  were  made  on  this  line  alone.  On  No.  11 68  the  components 
are  equally  strong  and  on  No.  11 74  the  line  could  not  be  resolved. 
These  observations  seem  to  be  roughly  satisfied  with  a  period  of 
about  2  days.  The  binary  nature  of  the  star  was  discovered  by 
Frost  and  announced  in  Astronomische  Nachrichten.  177,  174,  1908. 
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102  HercuUs  (a=i8''4'";    5=  +  20°48';   Mag.  =  4. 3) 


Plate 

Date 

GM.T. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB       123 

388 

1903  Oct.   17 

1904  July   26 
1908    July  20 

July  24 

I3''42>° 

17  12 
16  15 

18  25 

A 

F 
B 
B 

12 
10 
II 
II 

km 
-16. s 
-16.3 
-15-6 
-16. 1 

v.g. 
g. 

1636 

1645 

v.g. 
v.g. 

This  star,  No.  8382  of  Burnham's  General  Catalogue,  with  a 
12th  magnitude  companion,  was  one  of  the  twenty  hehum  stars 
observed  by  Frost  and  Adams  (Publication  of  the  Yerkes  Observatory, 
2,  1903).  From  four  plates  they  obtained  a  mean  velocity  of 
—  10.8  km,  with  a  range  of  3.9  km.  This  value  is  given  with 
revised  wave-lengths  of  the  silicon  lines  as  —8.8  km  in  this  Journal, 
32,  85,  1910.  The  binary  character  of  the  star  was  detected  by 
Albrecht  (Lick  Observatory  Bulletin.  6,  147,  191 1)  with  value  ranging 
from  —  1 1  to  — 18  km.  The  spectrum  is  of  type  B2,  and  numerous 
lines  arc  well  measurable  with  a  dispersion  of  one  prism. 

Ill  Herculis  (o  =  i8''43™;   *  =  +  i8°4';   Mag.  =  4. 4) 


Plate 

Date 

G.M.T. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB     2346 

2405 

2443 

2463 

1910    May  23 
June  27 
July  25 
Aug.    5 

ighjo"' 
17  35 

IS  38 
IS  24 

B 
L 
L 
B 

11 

12 
12 
11 

km 
-36.2 
-S2.I 
-42.2 
-43    I 

v.g. 
vg. 
v.g. 
v.g. 

The  variable  radial  velocity  of  this  star  was  discovered  by 
Wright  and  it  was  announced  in  Lick  Observatory  Bulletin.  5,  63, 
igo8. 


14  Pcgasi  (a  =  2i''4 

5";   5=-|-29°42'; 

Mag.  =  5. 

3) 

Plate 

Date 

G.M.T. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB     2423 

2432 

2467 

1910    July     8 
July    18 
Aug.     5 

20     3 
18     9 

L 

B 

B,  L 

7 
8 
S 

km 
-30 
-26 
-19 

v.g. 
v.g. 
g- 
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The  variable  velocity  of  this  star  was  announced  in  the  Lick 
Observatory  Bulletin,  6,  149,  1911. 


4& 

y  Aqiiarii  (a  =  2  2 

hjgm.     S  = 

=  -i°53'; 

Mag.  =  4 

0) 

Plate 

Date 

G.M.T. 

Taken  by 

No.  of 
Lines 

Velocity 

Quality 

IB      S04 

1906  July  13 

1907  Aug.    12 

1910    July  29 

2o'>S5° 
19  IS 
18  27 

F 

B 

B,L 

4 
6 
8 

km 
-26 

-  6 

—  10 

v-g- 
v.g. 
v.g. 

The  variable  radial  velocity  of  this  star  was  announced  by  Plas- 
kett  in  the  Journal  of  the  Royal  Astronomical  Society  of  Canada,  2, 
272,  1908. 

Yerkes  Observatohy 
October  19 13 


THE   FIRST  DESLANDRES'   GROUP   OF  THE   POSITIVE 

BAND  SPECTRUM  OF  NITROGEN,  UNDER  HIGH 

DISPERSION 

By  R.AYMOND  T.  BIRGE 

This  paper  is  a  preliminary  discussion  of  the  First  Deslandres' 
Group  of  the  band  spectrum  of  nitrogen,  based  mainly  upon  photo- 
graphs taken  by  the  author  in  the  second  order  of  a  21-foot 
concave  grating,  from  X  5000  to  X  6800.  The  bands  are  almost 
completely  resolved  into  lines,  and  the  discussion  in  this  paper  is 
concerned  with  the  relations  between  the  lines  forming  the  three 
principal  heads  of  the  bands. 

INTRODUCTION 

The  positive  band  spectrum  of  nitrogen  has  been  the  subject 
of  a  large  number  of  investigations.  Under  low  dispersion  the 
apparent  regularity  of  the  bands,  both  in  position  and  in  appear- 
ance, is  very  striking.  The  violet  end  of  this  spectrum  can  easily 
be  photographed  under  high  dispersion,  but  because  of  the  rela- 
tively low  intensity  in  the  longer  wave-lengths,  this  portion  had 
not  previously  been  resolved  into  its  component  Unes  in  a  satis- 
factory manner.  Von  der  Helm'  made  the  latest  attempt.  The 
two  objects  of  his  investigation,  with  his  success  in  accompUshing 
them,  are  stated  as  follows: 

1.  Ubersicht  iiber  den  gesamten  Teil  des  in  Frage  kommenden  Spectrums, 
inbesondere  iiber  die  Lage  der  Bandenkopfe. 

2.  Genaueres  Studium  einzelner  Ban^len. 

Den  crsten  Teil  der  Aufgabe  darf  ich  als  gelost  betrachten;  am  zweiten 
bin  ich  Icidcr  fast  vollig  gescheitert. 

Von  der  Helm  gives  a  complete  discussion  of  relevant  previous 
work  on  nitrogen,  together  with  the  possible  results  of  such  an 
investigation,  and  the  first  eight  pages  of  his  article  could  well 
form  the  introduction  to  this  paper. 

The  First  Deslandres'  Group  of  bands  extends  from  X  5100 
out  into  the  infra-red.     Measurements  on  the  heads  of  indi\'idual 

■  Zeitschr.f.  wiss.  Phol.,  8,  405,  19 lo. 
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bands  have  previously  been  made  to  X  gioo.  The  results  seem  to 
show  that  the  spectrum  consists  of  a  series  of  band  groups,  each 
of  which  is  most  intense  at  the  center,  and  diminishes  in  intensity 
toward  either  side.  Kayser's  Handbiich^  gives  only  three  groups, 
which  he  calls  a,  b,  and  c.  Other  groups  of  longer  wave-length 
have  since  been  found,  and  it  appears  now  that  there  are  sLx  groups 
in  all.  which  will  be  designated  a  to  /  respectively. 

Group  a  1 .  06  /u.  (  ?) 

Group  b  gioi  (?)  to  7887 

Group  c  7887  to  7059 

Group  d  7059  to  6185  (Kayser's  a  group) 

Group  e  6186  to  5485  (Kayser's  b  group) 

Group/  5632  to  5126  (Kayser's  c  group) 

Group/ is  quite  different  from  the  others.  It  has  two  intensity 
maxima,  one  at  X  5200  and  the  other  at  X  5475.  This  would  indi- 
cate two  groups,  but  as  the  spacing  is  the  same  in  both,  it  has  been 
customary  to  classify  them  together.  This  group  also  overlaps 
considerably  on  group  e. 

The  author  obtained,  besides  the  exposures  on  the  large  grating, 
one  on  a  Hilger  constant  deviation  spectroscope,  extending  to 
X  7650.  From  this  point  to  X  9100  we  have  only  the  measurements 
of  Croze. ^  Coblentz.^  in  connection  with  other  infra-red  work,  has 
recorded  positions  of  ma.ximum  intensity  at  0.546,  0.667.  o-75- 
0.90,  and  1.06 /.t.  These  are  very  evidently  the  approximate 
positions  of  maximum  -intensity  in  the  several  band  groups.  The 
reading  at  1.06  /x  points  to  the  existence  at  this  point  of  another 
group,  which  we  have  called  group  a. 

In  making  this  investigation  the  author  had  two  objects  in 
view:  (i)  to  determine  whether  or  not  the  bands  in  any  one  group 
were  identical;  (2)  to  determine,  in  case  there  were  any  similarities, 
whether  corresponding  Unes  in  successive  bands  would  fit  into  a 
Deslandres'  series  or  other  arithmetical  relation. 

The  results  of  the  study  made  thus  far  indicate  that  out  of  the 

250  or  more  hues  composing  each  band,  at  least  50  of  the  strongest 

are  related  to  corresponding  lines  in  other  bands,  and  that  the 

relationship  is  approximately  that  expressed  by  Deslandres'  Law: 

v  =  a-\-b{tn-\-cy 

'  Ilaitdhuiii  dcr  Spectroscopic,  5,  828. 

'  Comptcs  rendus,  150,  860,  1910.  ^  Physical  Review,  22,  i,  1906. 
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where  a.  h,  and  c  are  constants,  and  m  takes  successive  integral 
values. 

EXPERIMENTAL   ARRANGEMENTS 

Atmospheric  nitrogen,  free  from  oxygen,  carbon  dioxide,  and 
water-vapor,  was  used  as  a  source.  Hence  the  inert  gases  of  the 
atmosphere  were  present,  but  the  only  hnes  due  to  them  which 
have  thus  far  been  noted  are  a  few  of  the  stronger  argon  Unes  of  the 
red  spectrum.  There  is  no  trace  of  helium  X  5876.  Traces  of 
mercury  diffused  into  the  spectrum  tube  from  the  pressure  gauge, 
but  only  the  three  strong  lines  at  X  5790,  X  5769.  and  X  5461 
appear,  the  last  enormously  overexposed. 

The  nitrogen  was  electrically  excited  in  a  Goetze  "Tj-pe  C" 
spectrum  tube.  The  emission  from  the  capillary  of  such  a  tube, 
in  a  "head-on"  direction,  appears  to  be  the  most  intense,  per 
unit  cross-section,  now  obtainable.  The  electrical  excitation  was 
furnished  by  the  secondary  of  a  large  induction  coil,  the  primary 
being  run  on  no  volts  A.C.,  1.5  amperes.  The  nitrogen  was 
introduced  at  about  5  mm  pressure  and  used  until  the  pressure 
fell  to  about  i  mm,  low  enough  to  cause  a  slight  diminution  of 
the  radiation.  Refilling  of  the  tube  was  necessary  only  once  in 
24  to  36  hours. 

The  tube  was  placed  accurately  "head-on"  to  the  sht  of  the 
grating,  60  cm  away.  A  double  convex  lens  of  15  cm  focus  pro- 
duced on  the  sHt  a  sharp  image  of  the  end  of  the  capillary,  some- 
what more  than  i  mm  in  diameter.  This  usual  arrangement  was 
now  varied  by  introducing,  at  a  distance  of  12  cm  from  the  sht, 
a  double  concave  cylindric  lens  of  12  cm  focus,  placed  with  its  axis 
horizontal.  This  caused  the  circular  image  on  the  sht  to  be  drawn 
out  into  a  vertical  line  some  2  cm  in  length.  The  use  of  such  a 
cyUndric  lens  in  spectrum  work  has  been  advocated  by  Humphreys.' 
but  I  know  of  no  definite  statement  of  the  advantages  and  disadvan- 
tages incident  to  its  use. 

The  action  of  the  cylindric  lens  is  greatly  to  reduce  the  vertical 
aperture  of  the  cone  of  rays  proceeding  from  the  sUt.  With  the 
particular  lenses  used,  it  is  possible,  with  a  source  of  light  less  than 
approximately  2  mm  in  diameter,  to  reduce  the  vertical  aperture, 
at  the  grating,  to  less  than  the  length  of  the  grating  ruUngs.     Thus 

'  Astrophysicat  Journal,  i8,  324,  1903. 
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the  cross-section  of  the  cone  of  light  at  the  grating,  instead  of  being 
a  75-cm  circle,  is  reduced  (roughly)  to  an  elUpse  of  75  cm  horizontal 
diameter,  but  with  a  vertical  diameter  of  5  cm  or  less.  The  gain 
in  intensity  of  the  middle  point  of  the  astigmatic  image  at  the 

camera   is   theoretically^ =iS-     The  actual  increase,  deter- 

5  cm 

mined  experimentally,  was  thirteen  fold. 

If  now  the  source  is  made  4  mm  in  diameter,  instead  of  2,  the 
amount  of  light  actually  striking  the  grating,  using  the  cylindric 
lens,  is  scarcely  increased  at  all.  But  with  the  ordinary  arrange- 
ment, the  amount  would  practically  be  doubled.  Hence  the 
advantage  of  the  cyhndric  lens  is  proportionally  decreased.  For 
sources  more  than  2  cm  in  diameter,  there  is  no  appreciable  advan- 
tage in  using  a  cylindric  lens. 

The  chief  disadvantage  attendant  upon  its  use  is  the  necessity 
of  accurate  adjustment.  The  centers  of  the  tube,  convex  lens, 
concave  lens,  and  sht  should  all  lie  accurately  in  the  horizontal 
plane  formed  by  the  center  of  the  grating  and  of  the  camera.  With 
this  condition  fulfilled,  and  the  cone  of  light  falling  symmetrically 
upon  the  grating,  a  raising  or  lowering  of  the  cylindric  lens  of  even 
one-tenth  of  a  millimeter  is  sufhcient  to  throw  an  appreciable  por- 
tion of  the  light  entirely  below  or  abov^e  the  rulings  of  the  grating. 

Because  of  the  excess  of  radiation  in  a  "head-on"  direction, 
the  illumination  of  the  grating  is  far  from  uniform;  but  this  is  true 
even  when  the  cylindric  lens  is  not  used.  Such  a  non-uniformity 
is  liable,  however,  to  cause  a  shift  of  the  lines  of  the  comparison 
spectrum  relative  to  those  under  investigation.  The  actual  shifts 
found  in  many  cases,  between  the  iron  and  nitrogen  lines,  are 
believed  to  be  due  primarily  to  this  cause. 

As  a  comparison  source  I  used  an  iron  arc  of  the  Pfund'  type, 
run  on  200  volts,  5  amperes,  with  iron  and  carbon  electrodes.  It 
worked  in  a  very  satisfactory  manner.  The  exposures  were  made 
in  the  second  order,  and  both  the  second-order  and  coincident  third- 
order  international  iron  normals  were  used,  the  measurements  in 
the  ultra-violet  being  those  of  Buisson  and  Fabry, ^  not  yet  offi- 
cially adopted  as  standards. 

No  relative  shift  of  orders  could  be  detected  on  those  plates 
where   both   the   second-   and  third-order  normals  were  present. 

■  AstrophysUal  Journal,  27,  296,  iqo8.  '  Ibid.,  28,  169,  1908. 
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Whenever  two  normals  fell  near  together  and  were  both  of  suitable 
intensity  for  an  accurate  setting,  the  agreement  was  perfect. 
When  one  or  both  lines  were  overexposed  the  disagreement  might 
be  anything  from  0.007  A  down.  This  was  taken  to  indicate 
that  the  secondary  international  normals,  when  overexposed,  do 
not  necessarily  broaden  symmetrically.  The  much  greater  uni- 
formity in  intensity  of  the  normals  between  X  3500  and  X  4500  thus 
makes  them  preferable  for  use,  and  this  fact,  coupled  with  the  great 
faintness  of  the  normals  from  X  5Q00  into  the  red,  caused  the  author 
to  use  only  the  coincident  third-order  normals  in  the  region  X  5900 
to  X  6800. 

In  order  to  eliminate  the  exceedingly  strong  violet  bands  of 
nitrogen,  an  8  per  cent  solution  of  potassium  chromate  5  mm  thick 
was  employed.  The  absorption  of  this  solution  sets  in  at  about 
X  5200  and  this  accounts  for  the  rapid  decrease  in  intensity  below 
this  point.  (See  Plate  III.)  Although  the  head  of  the  X3576 
band  is  a  thousand  times  as  intense,  photographically,  as  that  of 
any  band  under  investigation,  no  trace  of  it  appears  on  the  exposures. 
Fluorescein  was  tried  as  an  absorbent  and  found  quite  ineffective. 

For  the  exposures  from  X  5000  to  X  5900  the  Cramer  Instanta- 
neous Isochromatic  plates  were  employed,  while  from  X  5800  to 
X  6900  both  Cramer  "Spectrum"  and  Wratten  &  Wainwright  '"A" 
Panchromatic  were  used.  For  the  one  exposure  on  the  Hilger 
spectroscope,  from  X  6800  to  X  7700.  I  used  a  Wratten  &  Wain- 
wright "B"  Panchromatic  plate. 

The  strongest  portion  of  the  spectrum,  from  tlie  photographic 
standpoint,  is  that  from  X  5700  to  X  5800.  The  X  5804  band  is 
fully  three  times  as  intense  as  that  at  X6623.  the  only  one  which 
von  der  Helm  appears  to  have  obtained  sufficiently  intense  for  meas- 
urement. The  region  from  X  5500  to  X  5900  was  accordingly 
photographed  first,  using  12X14  inch  plates,  and  the  usual  Row- 
land type  of  comparison  shutter.  .\1I  other  e.xposures  were  made 
with  18X22  inch  plates,  using  a  comparison  shutter,  mounted 
independent  of  the  camera. 

In  making  exposures  several  days  in  length,  the  greatest  prob- 
lem is  a  proper  control  of  temperature.  Fortunately  for  the  author, 
the  large  grating  of  the  University  of  Wisconsin  is  mounted  inside  a 
double-walled  room,  built  in  turn  entirclv  inside  an  ordinar\-  room. 
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The  temperature  in  this  outer  room  was  kept  constant  within  a 
few  tenths  of  a  degree  by  suitable  electrical  heating.  This  enabled 
the  temperature  of  the  grating  to  be  kept  constant  within  a  few 
hundredths  of  a  degree.  The  grating  temperature  was  read  on  an 
accurate  mercury  thermometer,  mounted  in  metalhc  contact  with 
the  side  of  the  grating.  Other  thermometers  were  laid  in  a  slot 
in  the  iron  beams  forming  the  sUt-grating-camera  triangle.  A 
small  change  of  temperature  in  this  triangle  is  immaterial,  so  long 
as  all  parts  remain  at  an  equal  temperature. 

For  the  grating,  however,  a  constant  temperature  is  indis- 
pensable, the  change  of  wave-length  at  a  given  point  on  the  camera 
plate  being  proportional,  to  first-order  effects,  to  the  change  in 
the  width  of  the  grating  space.'  Holtz^  seems  to  question  this,  and 
spends  some  time  searching  for  other  causes  for  the  observed  shift 
of  lines  with  temperature.  The  mounting  of  the  grating  at  the 
University  of  Wisconsin  is  such  as  to  exclude  the  chief  sources  of 
error  which  he  mentions,  and  it.  was  found  experimentally  that  the 
shift  was  exactly  that  computed  from  the  change  of  temperature 
and  the  coefficient  of  expansion  of  the  grating. 

A  change  of  o?oi  C.  in  the  grating  temperature  will  shift  a 
line  (at  X  5000)  about  o.ooi  A.  During  the  exposures  the  tempera- 
ture was  never  allowed  to  leave  a  o?i  C.  range,  and  during  any 
one  exposure  the  average  variation  from  the  mean  temperature 
varied,  in  different  exposures,  from  o?ois  to  o?035  C.  The 
broadening  of  the  lines  was  thus  always  less  than  o.oi  A. 

Not  only  the  temperature,  but  the  barometric  pressure  as  well, 
causes  a  shift  of  the  spectrum.  A  change  of  i  mm  in  pressure  will 
shift  the  Hues  0.002  A.  With  frequent  total  pressure  variations 
of  2  cm.  sufficient  to  cause  a  0.04  A  broadening  of  the  Hnes,  it 
becomes  necessary  to  eliminate  this  change  also.  This  was  done 
by  arbitrarily  changing  the  temperature.  A  i  cm  rise  of  pressure 
is  compensated  by  a  o?i5  lowering  of  temperature.  The  mean 
temperature  mentioned  above,  which  I  endeavored  to  hold  con- 
stant, refers  to  the  initial  temperature,  properly  corrected  for 
subsequent  change  in  barometric  pressure. 

The  time  of  exposure  varied  from  66  to  120  hours.     The  slit- 

»See  Baly,  Spectroscopy,  p.  241,  1912  edition. 

'  Zeitsrhr.f.  Wiss.  Phot.,  12,  loi,  1913. 
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width  varied  from  o.oi  to  0.04  mm,  being  usually  0.02  mm.  The 
theoretical  resolving  power  of  the  grating  (a  6-inch,  14.438-line 
grating),  for  the  slit-width  used,  was  actually  obtained  on  all 
exposures  except  those  in  the  red  where,  in  the  second  order,  the 
grating  has  a  somewhat  poorer  definition. 

The  spectrum  was  photographed  on  eight  different  plates,  two 
for  each  region.  These  regions  were  (i)  X  6900-X  6300,  (2)  X  6400- 
X  5800,  (3)  X  5900-X  5500,  (4)  X  5600-X  5000.  For  regions  (i)  and 
(2),  one  was  a  Cramer  plate,  the  duplicate  a  Wratten  &  Wainwright 
plate.  No  plates  were  exact  duplicates,  as  the  sHt-width  and  time  of 
exposure  were  varied.  One  85 -minute  exposure  was  made  on  a 
Hilger  spectroscope,  for  the  region  X  6800-X  7700.  A  one-minute 
exposure  is  sufficient,  on  this  instrument,  for  the  shorter  wave- 
lengths. The  spectroscope  was  calibrated  with  the  argon  spectrum, 
and  the  readings  obtained  for  nitrogen  are  probably  correct  to  i  A. 
All  of  the  plates  obtained  with  the  large  grating  are  usable  save 
one  in  the  X  6300-X  6900  region  which  dried  very  unevenly. 
The  duplicate  plate,  however,  is  the  best  that  I  have,  and  the 
readings  obtained  from  it  are  believed  to  be  as  trustworthy  as 
those  in  any  portion  of  the  spectrum. 

The  work  that  has  thus  far  been  completed  is  as  follows: 

1.  The  lines  in  the  immediate  vicinity  of  the  three  conspicuous 
"heads"  of  each  band  have  been  measured,  and  their  wave-lengths 
computed,  on  all  plates. 

2.  The  regions  X  5500-X  5900  and  X  6300-X  6goo  have  been 
completely  measured  and  computed. 

There  are  about  6400  lines  between  X  5000  and  X  6S00,  and  274 
in  the  X  6623  band,  in  which  von  dcr  Helm  measured  119.  There 
appear  to  be  fully  as  many  in  all  the  other  bands,  although  in  most 
cases  the  number  actually  measured  is  much  less,  owing  to  the 
smaller  intensity  and  shorter  length  of  the  bands. 

The  measurements  were  made  on  a  5S-cm  Geneva  dividing 
engine.  The  screw  was  carefully  calibrated  by  the  author  and  is 
believed  to  have  no  unknown  errors  greater  than  0.002  mm.  In 
order  to  test  the  evenness  of  drying  of  the  plates,  the  international 
secondary  standards  were  first  corrected  for  non-normality  of  the 
dispersion  and  errors  of  the  screw,  and  were  then  fitted  as  nearl_\- 
as  possible  to  a  linear  scale.     Only  standards  of  suitable  intensity 
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were  used,  those  overexposed  being  evidently  untrustworthy.  In 
the  case  of  one  plate  in  the  X  6300-X  6900  region,  the  average  devia- 
tion of  all  the  normals  from  a  linear  scale  was  less  than  0.002  A. 
This  was  taken  to  indicate  that  the  screw  had  been  correctly  cali- 
brated. On  other  plates  there  was  a  general  drift  from  such  a  linear 
scale,  very  evidently  due  to  uneven  drying.  It  seldom  exceeded 
0.015  A  and  by  drawing  a  smooth  curve  through  the  plotted  read- 
ings of  the  normals,  the  correction  for  this  was  easily  made. 

When  the  wave-length  determinations  of  one  plate  were  com- 
pared with  those  of  a  duplicate  plate,  there  generally  appeared  a 
constant  difference  between  them.  This  difference  varied  from 
o.oi  A  to  0.04  A  on  different  sets  of  plates.  It  was  considered 
due  to  the  uneven  illumination  of  the  grating,  as  already  explained. 
Fortunately,  however,  we  have  interferometer  measurements  of 
the  three  mercury  hnes  present  on  my  plates.  By  means  of  the 
ghosts  and  satellites  of  these  lines,  it  was  possible  to  determine  their 
position  with  great  accuracy,  in  spite  of  their  overexposure.  This 
settled  the  absolute  wave-lengths  from  X5100  to  X  5900.  One 
plate  in  each  of  the  other  two  regions  was  then  found  to  agree  per- 
fectly in  the  overlapping  portions.  I  thus  had  a  full  set  of  plates 
in  complete  agreement,  and  the  duphcate  plates  were  then  given  the 
proper  constant  correction  to  make  them  also  agree. 

The  values  of  the  wave-length  of  any  one  line,  as  determined  on 
different  plates,  then  seldom  differed  by  more  than  o .  01  A.  Several 
settings  were  made  on  each  line,  and  as  the  nitrogen  lines  are  fairly 
sharp,  the  average  experimental  error  of  setting  scarcely  exceeds 
0.003  A-  I*^  is  hoped,  therefore,  that  the  relative  error  of  all  save 
very  faint  or  hazy  lines  is  less  than  0.005  A-  ^""i  that  the  abso- 
lute wave-lengths  are  in  general  correct  to  0.01  A. 

Table  I  gives  the  wave-lengths  of  872  hues  forming  the  three 
principal  heads  of  the  bands.  The  lines  in  the  vicinity  of  all  the 
heads  given  by  von  der  Helm  were  measured,  although  in  several 
cases  there  is  no  real  head  present.  Several  other  heads  not  given 
by  von  der  Helm  were  noted  and  measured.  These  so-called 
"heads"  are  caused  by  the  proximity  of  several  heavy  Hnes,  accom- 
panied by  more  or  less  continuous  radiation.  The  measurements, 
in  all  cases,  cover  this  region  of  continuous  radiation,  which  is 
indicated  in  the  table  by  braces.     Frequently   the   haze  is  due 
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merely  to  the  scattering  of  light  in  the  photographic  him,  but  in 
most  cases  it  is  apparently  a  true  radiation. 

The  three  main  heads  of  a  band,  out  of  the  five  that  appear 
with  low  dispersion,  are  designated  I,  II,  and  IV.  The  bands 
themselves  are  designated  in  two  ways:  first,  by  the  division  into 
groups  (a  to/),  the  individual  bands  of  each  group,  from  red  to 
violet,  being  designated  by  Arabic  numerals;  the  second  method 
of  designation  is  that  proposed  by  Cuthbertson'  and  formulated 
mathematically  by  Deslandres.^  In  this  arrangement  the  position 
of  the  first  head  of  each  of  the  entire  set  of  57  bands  is  given  as  a 
function  of  two  independent  parameters,  p  and  n.  The  value  of 
these  parameters,  for  each  band,  is  given  immediately  below  the 
designation  of  the  band  according  to  the  first  arrangement.  The 
first  integer  refers  to  the  value  of  p,  the  second  to  n — the  values 
being  those  of  Deslandres.^ 

The  three  columns  in  the  table  are: 

(i)  Intensity;  lines  marked  "  ?"  are  so  faint  as  to  preclude  an 
accurate  determination  of  wave-length;  (2)  wave-length — on  the 
International  System  (I. A.),  at  15°  C,  760  mm;  (3)  character 
of  the  line.     In  this  regard  the  following  abbreviations  are  used: 

s.,         especially  sharp. 

b.,        broad. 

b.d.,     broad,  probably  double. 

d.,        certainly  double. 

h.,        hazy. 

h.r.,     haze  on  the  red  side  (due  to  one  or  more  fainter  components  on  that 

side) . 
h.v.,     haze  on  violet  side, 
n.s.,     a  non-symmetric  line  due  to  two  or  more  components  of  unequal 

intensity.     The  setting  was  made  on  the  center  of  gravity  of  the 

system, 
k.,         the  line  at  which  a  "head"  apparently  starts, 
a.,        argon. 

Von  der  Helm's  value  for  the  wav'e-length  in  air  for  the  general 
position  of  the  head,  together  with  the  frequency  in  vacuo,  is  given 
to  the  right  of  the  designation  of  the  liead. 

'Phil.  Mag.  (6),  3,  348,  1902.  'Complcs  rtndiis,  134,  747,  igo2. 

'See  Baly,  Spectroscopy,  p.  620,  1912  edition. 
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w 

368 

285 

2 

126 

3 

04 

948 

3 

852 

b.k. 
h.v.b. 


/II e 6     /    5899- 19 
\44-48    \  16,946. 7 


'2 

5899 

070 

5 

98 

930 

2 

631 

2 

523 

3 

401 

? 
I 

252 
148 

3 

040 

3 

97 

874 

n.s.k. 
b. 
b. 


fIVe6    r    $• 
\44-48    \  16,. 


5883.49 
,992.0 


5883.517 
•  446 
.  146 
.029 
■82.917 
.807 


5882. 61 s 
■  479 
.320 

.016 


rh.v. 

ih.r. 


[I  6  7   /  585469 
\43-47  \  17,075-6 


[5 

5854 

404 

2 

253 

2 

168 

7 

032 

3 

53 

873 

4 

666 

2 

462 

l4 

286 

l2 

168 

b.d.k. 

b. 

h.r. 


/He  7     /     5847.67 
\43-47    117,096.1 


5847 

740 

5'8 

405 

300 

243 

120 

46 

040 
815 
578 

477 

in 

b.h. 
h.r. 
h.r. 
h. 


/IVe?    /    5832. 
\43-47     1 17,141  ■ 


5832 
31 


707 
597 
405 
274 
119 
941 
839 


5804.28 
17,224.0 
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I 

: 

[6 

5804.135 

I 

03 

Q7« 

« 

776 

3 

I 

5QO 
482 

'4 

367 

1^ 

195 

123 

.^ 

02 

980 

3 

858 

b.k. 
d. 


fll  c  8     r 
(42-46     I 


5797  23 
17,244.9 


5797 

451 
308 
062 

96 

969 
830 

707 
602 

513 

412 

299 

riVeS 

142-46 


5782.23 

17,289.1 


5 

5782 

307 

8 

059 

I 
I 

81 

943 

849 

5 

740 

3 

566 

3 

426 

4 

239 

6 

80 

984 

[4 

836 

/1 6  9      /    5 
141-45      117,, 


5755.20 
370.8 


5755 

415 
188 

54 

074 
983 
862 

746 
616 

498 
366 

195 

rile  9 

14I-45 


{. 


5748.18 

7,392.0 


5748 


46 


664 
289 

lOI 

008 

883 

650 

408 

178 

040 
939 
615 
487 
250 
149 


h.v. 
h. 


/IVeg    /     5733-68 
\41-45     \  17,436.0 


5733 

830 

555 

450 
369 
276 

159 

32 

992 
830 

703  , 
462 

279 

31 

921 

/I  e  10 
\40-44 


5707.49 
17,516.0 


[3 

5707 

580 

2 

■  I 

462 
301 

2 

131 

? 

06 

944 

? 

840 

3 

597 

k? 

h. 


/II e  10   r     5699.50 
\40-44     \  17,540.6 


5701.358 
00.939 


5700.637 

512 

5699 . 830 


fIV  e  10  r     5685 .  56 
140-44     117,583.7 


? 

I 

5685.496 
.199 

I 

.058 

b. 

lie  II 
\ 39-43 


5660.54 
,17,661.4 


5660.842 

k. 

.590 

.421 
■  331 
.240 

•  115 

2 

59-954 

b. 

ril e  II    /     5653.31 

\39-43    117,683.9 


5653  504 

.170 

52.676 

51.841 


riV  e  II  /     5639.17 

\39-43    \ 17,728.2 


5639  349 


37  899 

-775 


(I/x 
\49-52 


Haze  5632.754  to  5632.361 
Very  faint  lines  to  5627 .  750 


/II/i 
\49-52 


5622.97 
17,779  3 


?        5622.610 
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ri  e  12 

138-42 


/     5615- 
I  17,804- 


5615 

318 

230 

032 

14 

goo 

779 

69s 

573 

387 

230 

rile  12  r 
\38-42   \ 


5607.73 
17,827.6 


5608. 214 

094 

07.687 

■375 


{48-51     {: 


fI/2        I     5592-57 
8-51     117,876.0 


? 

5593 

014 

3 
I 

92 

881 
657 

4 

514 

2 

394 

,2 

283 

2 
I 

130 
013 

r- 

91 

888 

? 

I 

768 
586 

h.v.k. 


fII/2 

I 48-51 


I  2 


5588.081 
87.989 


742 
531 
440 
190 
064 
620 
490 
330 


b.n.s. 
h. 
h. 


/IV/2 
\48-5i 


5573 

126 

72 

894 

737 

551 

347 

247 

039 

71 

881 

780 

638 

410 

320 

h.r.k. 


/I e 13     /     5570.60 
\37-41     \  17,946.5 


'3 

I 

5570 

777 
679 

]4 

501 

2 

354 

2 

201 

2 

013 

{: 

69 

850 

786 

k.h. 
b.h. 


d. 
h.v. 


/II  f  13 

\37-41 


5563.48 
17,969.4 


2 

I 

3 

? 

I 

5563 

704 
571 
244 
124 
038 

? 
? 
I 

62 

937 
828 
696 
612 

405 

b.k. 


b.h. 


[1/3    ;  s 

\47-S0    \i8,' 


5553.63 
iO0I  .  2 


5554.258 
•130 


996 
924 
730 
600 
491 
362 
204 
962 


b.h.k. 


b.h.v 
b.h. 


/n/3 
\47-50 


5548.40 
18,018.2 


2 

5548 

82s 

3 

I 
I 

711 
600 

515 

3 

390 

2 
I 

242 
137 

/IV/3 
\47-50 


5533.46 
18,066.9 


i.504 
.406 
.238 
.164 
.041 

2.95s 
.824 
.707 
599 
•473 
.349 
■251 
.  146 


h.r. 


h.r. 
h. 


/Iei4 
\36-40 


[    s 
1 18,' 


5526.84 
,088.6 


027 
835 
707 
610 
508 
356 


/II  e  14  /    SS 
\36-40    \  18,1 


20.11 
10.6 
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592 
475 
398 
268 


/I/4       /     5515-54 
\46-4Q     \  18,125.6 


5515 

758 

594 

451 

239 
178 
081 

14 

953 

777 
636 
496 

325 

I  go 

k.b. 
b. 
b.h. 


b. 
h.r. 
b.h. 

b.d. 
d. 


(11/ 4 
\46-49 


/     5510.55 
\  18,142.3 


[4  5511 

096 

?       10 

998 

929 

4 

835 

4 

638 

I 

488 

5 

278 

? 

177 

? 

109 

? 

044 

I     09 

936 

2 

847 

3 

736 

2 

545 

4 

434 

I3 

3i<> 

d.h.v. 
b. 
b. 


/IV/4    /     5495-42 
\46-49     \  18,192.0 


[  I    5495 

997 

4 

885 

2 

763 

3 

692 

3 

593 

/2 

430 

\l 

343 

I  4 

159 

a.(?) 


h. 
h. 
h.r. 


/I<:i5 
135-39 


5 

5484 

730 

2 

593 

3 

488 

5 

338 

3 

225 

)3 

094 

13 

018 

3 

83 

896 

4 

686 

I  3 

476 

fifs 
145-48 


5478.73 
18,247.4 


5478 


■575 
-471 
.266 
.124 
.007 
.912 
.804 
-656 
.601 


n.s.k. 
b. 


/n/5      /     5473-16 
\45-48     \ 18,266.0 


i^3 
190 
056 
936 
590 
48s 
316 
228 
131 


/rv/s  /   5458.22 
Us-48   118,315.9 


I 

/4   5458 

879 

759 

I' 

630 

\2 

554 

2 

451 

(3 

353 

\3 

273 

3 

139 

2 

008 

3     57 

903 

2 

797 

I 

697 

i  4 

587 

h.k. 
n.s. 

h. 

h. 


fI/6 
144-47 


5442.25 
18,369.7 


416 
325 
276 
200 
104 
981 
932 
833 
751 
640 


/II/6 

U4-47 


[s 

5437 

328 

2 

197 

2 

027 

2 

36 

957 

2 

894 

3 

801 

3 

621 

5 

5X8 

u 

399 

fIV/6 

\44-47 


5424-17 
.81,430-9 


5423-423 
-319 
.  209 


66 


RAYMOND  T.  BIRGE 
TABLE  I — Continued 


I 

{: 

S423 

22 

014 
922 

3 

2 

688 

6 
4 
6 
I 

535 
369 

187 
035 

/I/ 7       /     5407-08 
143-46     1 18,4 


1,489. 


2 

5407 

575 

3 
6 

411 
129 

I 
3 

06 

049 
979 
876 
78s 

730 

3 
2 

590 

528 

b.h. 
h.r.k. 


;n/7    /   s 

\43-46     \i8, 


S40I . 83 
507-1 


4   S40I 

3 

4 

4 

943 
810 
689 
565 

5 

450 

3 
2 

340 
189 

3 

"5 

I 

024 

2     00 
6 

924 

654 

/IV/7    / 
I43-46     \ 


5387-82 
i8,5SS-3 


5-490 
-353 
.236 
.172 
.087 
.002 

?-8s6 
.767 
.604 
-518 
-447 
-38s 
.283 


5387-192 
.050 


fI/8       /     5372.78 
\42-4s     \  18,607.2 


5373 

l8q 

72 

976 

820 

727 

496 

390 

223 

h.k. 
b. 

b.h. 


/II/8     r    5367-41 
U2-45     118,625.8 


4 

5367 

782 

3 

654 

3 

527 

3 

420 

5 

325 

3 

236 

|2 

132 

\^ 

081 

I 

66 

973 

I 

853 

2 

760 

/IV/8    /     5353-73 
\42-45     \  18,673-4 


992 
872 
768 
608 
493 


k. 
b. 
n.s. 


11/9 
\41-44 


5339-27 
18,724.0 


5339-432 
-393 
.294 
.192 
.089 
38.920 


/n/9 

141-44 


5334-318 

-165 

.026 

33-878 

.762 


d. 
b.h. 


/IV/9 
\41-44 


5323-40 
.18,779-8 


5323 

821 

523 

411 

22 

983 

770 

615 

483 

b.h. 
b.h. 
n.s. 
b.h. 


ri/io 
I40-43 


/     5306.22 
1 18,8 


1,840.0 


5307 

072 

06 

004 

859 

05 

529 

146 
980 
696 

413 

/II/IO 

\40-43 


5302.604 

170 
610 

524 


fl/ii     /     5 
139-42     \  18,1 


274-35 
953  9 


-777 
•347 


k. 
h.h.v. 


[If  12     !    5244.05 
\38-41     1 19,0 


>.o63.9 


5244.071 
43-782 
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I 

3 

/I/I3   (  521304 
\37-40    119,177.4 

/2 

\3 

I 

5213-808 

■54° 
.021 

k. 

h.v. 

fii/13  r  5207.79 
I37-40   119,196.7 

669 
503 
300 
157 
885 
558 

262 

894 

800 

024 


b.h. 
h. 


h.r. 
h. 


/IV/13 
137-40 


5196-370 
.196 


SI96 

080 

95 

967 

679 

443 

346 

94 

854 

/I/ 14   /   5183-84 
136-39    119,285.4 


i^ 

5184 

237 

{'. 

83 

970 

843 

c 

734 

679 

550 

i2 

445 

l2 

394 

b.k. 
b. 


[11/ 14 
I36-39 


876 
567 
460 
322 
217 


5178  940 


fIV/14 
136-39 


5167 
66 


060 
992 
872 
766 
676 
410 
309 
181 
058 


/I/ IS 

\35-38 

I 

5155-323 
.201 
-095 

k. 

fl/i6 
134-37 

5126.806 
.726 


The  following  table  (Table  II)  gives  the  measurements  of  all 
conspicuous  lines,  or  groups  of  lines,  in  the  bands  extending  from 
X  6S00  to  X  7650,  as  taken  on  the  Hilger  spectroscope.  The 
probable  error  is  i  A. 

The  three  main  heads  are  designated  as  before,  using  only  the 
first  method  of  grouping.  The  columns  are:  (i)  wave-length  in 
air;    (2)  frequency  in  vacuo;   (3)  designation  of  head. 

Table  III  gives  Croze's  measurements  of  the  first  head  of  the 
bands  from  X  7600  to  X  9100.  The  probable  error  is  several 
angstroms. 

DISCUSSION 

The  discussion  naturally  falls  into  three  sections:  (i)  a  brief 
sketch  of  the  two  methods  pre\'iously  proposed  for  grouping  the 
heads  of  the  nitrogen  bands;  (2)  a  quantitative  test  of  the  com- 
parative validity  of  the  two  methods,  based  upon  the  data  given 
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I 

3 

I 

> 

3 

I 

2 

3 

7624.8 

13.111S 

1^3 

7261.3 

13,768.1 

11  c6 

7072.8 

14,134.8 

7613 

5 

13,131 

2 

lie  3 

17254. 3 
I7250.0 

13,781 

3 

7059.6 

14,161.  2 

rics 
\i<f  I 

7S«Q 

4 

13-172 

0 

IV  c  3 

13,789 

4 

7505 

6 

13,319 

9 

lC4 

7239.9 

13,808 

S 

IV  f  6 

7048.5 

14,183.7 

Tic  8 

7492 

2 

13,343 

7 

lie  4 

7233  I 

13,821 

6 

7040.4 

14,200.2 

7469 

6 

i3,3«3 

9 

IV  c  4 

7228. s 

13,830 

9 

7028.2 

14,224.7 

IVc8 

7445 

3 

13,427 

6 

7221 .6 

13,843 

7 

7016.5 

14,248  3 

7404 

8 

i3,5°i 

0 

7214.0 

13,858 

3 

7001.4 

14,279.1 

73«6 

I 

13,53s 

3 

1C5 

7205.2 

13,875 

3 

6991.5 

14,299  3 

7375 

6 

13,554 

5 

11^5 

7197.3 

13,890 

5 

6978.6 

14.325.9 

J  7366 

8 

13,570 

7 

7181.0 

13,921 

8 

6968.0 

14,347.6 

ld2 

0 

13,577 

7 

7165.0 

13,953 

0 

Ic7 

6956.0 

14,372.3 

l\d2 

7352 

8 

13,596 

S 

IV  f  5 

7153.0 

13,976 

2 

lie  7 

6946 . 0 

14,392  8 

7345 

6 

13,609 

9 

/7145.2 
\7142.2 

13,992 

0 

6938.8 

14,408. 1 

lWd2 

733» 

3 

13,623 

3 

13,997 

S 

6929  5 

14,427.2 

7331 

0 

13,637 

0 

7132.2 

14,017 

2 

IV  c  7 

6921,6 

14,443  8 

7323 

4 

13,651 

3 

7125.0 

14,031 

4 

6906.0 

14,476.1 

73 1 5 

3 

13,666 

3 

7120.0 

14,041 

2 

6896.6 

14,497.2 

7307 

7 

13,680 

6 

7112.3 

14,056 

5 

6875. 5 

14,540.5 

1-^.3 

7291 

2 

13,711 

5 

7099.3 

14,082 

0 

6865 . 2 

14,562.3 

lldi 

7274.0 

13,743  8 

Ic6 

7090.9 

14,098.7 

TABLE  III 


. 

2 

3 

I 

2 

3 

9IOI 

10,985 

16  I 

8043 

12,430 

I67 

8903 
8707 

11,229 
11,482 

I62 
I63 

7887 

12,676 

fI6  8 

lie  I 

8541 

11,705 

Ii4 

7742 

I2,9T3 

IIC2(?) 

8369 

11,946 

Ii5 

7628 

13,106 

Ic3 

8204 

12,186 

166 

in  the  preceding  tables;  (3)  a  summary  of  the  e\-idence  in  fa\c)r  of 
each  method,  based  upon  (a)  the  appearance  of  the  bands  under 
high  dispersion,  and  ordinary  conditions  of  excitation  (work  of  the 
author) ;  and  (6)  the  appearance  of  the  bands  under  low  dispersion, 
but  unusual  conditions  of  excitation  (work  of  previous  investigators). 


The  nitrogen  lines  of  wave-length  longer  than  X  5100,  compris- 
ing the  First  Deslandres'  Group,  fall  into  57  similar  groups  of  lines, 
called  "bands."  Each  band  contains  several  sets  (usually  five)  of 
particularly  heavy  and  close  lines.  These  sets  have  been  called 
the  "  heads"  of  the  bands.     That  set  in  each  band  lying  farthest  to 
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the  red  usually  ends  abruptly  on  the  red  side,  and  has  been  called 
head  I.  the  band  being  said  to  begin  at  this  point,  and  to  be 
degraded  toward  the  violet. 

In  an  ordinary  band,  such  as  is  found  in  the  Second  Deslandres' 
Group  of  the  nitrogen  spectrum  (X  5060  to  \  2814)  there  are  series 
of  lines  starting  at  the  head,  and  proceeding  with  diminishing 
intensity  toward  the  violet.  Near  the  head,  the  Unes  of  such  a 
series  are  so  related  that  successive  frequency  intervals  form  an 
arithmetical  series.  This  is  Deslandres'  Law  for  band  series.  In 
the  First  Delandres'  Group,  however,  there  appear  to  be  no  rela- 
tionships between  the  250  or  more  lines  forming  each  "band." 
This  is  not,  therefore,  an  ordinary  band  spectrum. 

Relationships  first  appear  when  we  group  together  correspond- 
ing lines  in  successive  bands,  choosing  one  line  from  each  band. 
We  might  take  one  Hne  from  the  first  (I)  head  of  the  X  6623 
band,  another  from  the  first  head  of  the  X  6545  band,  etc.,  and 
thus  form  a  series.  Under  low  dispersion  the  set  of  Unes  form- 
ing a  head  appears  as  a  single  broad  line.  Thus  successive  first 
heads  were  found  to  form  a  series  satisfying  Deslandres'  Law — ■ 
similarly  successive  second  (II)  heads,  etc.  Such  a  series  extends 
over  10  to  15  bands,  and  then  the  interval  between  successive  terms 
changes  abruptly.  Accordingly  the  ten  or  more  bands  represented 
in  such  a  series  have  been  classified  as  a  "group  of  bands."  The 
entire  First  Deslandres'  Group  is  composed  of  five,  and  possibly  sLx, 
such  subgroups,  which  we  have  designated  a  to/  respectively.  Von 
der  Helm  decided  that  this  was  the  best  method  for  grouping  the 
band  heads,  and  arranged  his  data  in  this  way.  I  shall  therefore 
refer  to  it  as  the  von  der  Helm  arrangement,  although  it  is  not 
original  with  him. 

The  second  arrangement  of  the  bands  was  first  suggested  by 
Cuthbertson.  In  this  the  head  of  a  band  in  one  of  the  above  groups 
is  related,  not  to  the  adjacent  band,  but  to  a  band  in  the  adjacent 
band  group.  In  the  series  thus  formed  we  have  onlj*  as  many  terms 
as  we  have  band  groups,  and  the  spacing  between  terms  is  much 
greater  than  in  the  von  der  Helm  arrangement.  Since  a  series  con- 
tains the  head  of  only  one  band  of  a  group,  there  are  at  least  as 
many  series  as  there  are  bands  in  a  group.     It  is  possible  to  form 
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II  such  series  having  at  least  three  terms  each,  and  6  more  having 
only  two  terms  each. 

The  reason  for  such  a  grouping  is  that  the  1 7  series  thus  formed 
are  identical  in  spacing  with  one  another,  and  also  with  the  five 
series  into  which  the  bands  of  the  Second  Deslandres'  Group 
have  been  divided.  Each  series  appeared  to  fulfil  Deslandres"  Law, 
and  is  known  as  Deslandres'  First  Progression.  Each  series,  more- 
over, is  displaced  relative  to  the  preceding  one  by  a  regularly  in- 
creasing amount.  Thus  the  corresponding  terms  of  the  several 
series  form  of  themselves  another  set  of  series,  also  approximately 
obeying  Deslandres'  Law,  and  known  as  Deslandres'  Second  Pro- 
gression. 

Thus  the  entire  set  of  the  first  heads  of  the  bands  in  the  First 
Deslandres'  Group  can  be  represented  as  a  function  of  two  param- 
eters, p  and  n.  The  variation  of  n  gives  the  First  Progression, 
that  of  p  the  Second.  Deslandres  considered  that  both  progressions 
obeyed  his  law,  and  wrote  the  complete  formula 

v=A+B{n+c,y+C{p+c,y.  (i) 

•  In  this  formula  we  can  make  a  linear  transformation  of  variables 

k=\{p+>')        l=i(p-n) 

and  obtain/  {k.  I),  also  of  second  degree  in  each  parameter,  and  so 
giving  the  ordinary  Deslandres'  Law  when  one  parameter  alone  is 
varied.  In  such  a/  {k,  I)  successive  integral  values  of  k  (/  remain- 
ing constant)  give  the  heads  of  the  successive  bands  of  one  group 
of  the  von  der  Helm  arrangement.  On  the  other  hand,  /  has 
different  values  for  successive  band  groups 

Fig.  I  may  make  this  clearer.  This  figure  gives  the  general 
position  of  the  first  head  of  every  band,  plotted  with  frequency  as 
one  co-ordinate  and  the  value  of  p  as  the  other.  Any  horizontal 
succession  of  heads,  for  which  /»=  constant,  gives  Deslandres'  First 
Progression.  The  value  of  n  for  each  head  is  plotted  beside  it,  and 
any  succession  of  heads  for  which  «  =  constant  gives  the  Second 
Progression.  The  series  /=  constant  indicates  one  of  the  band 
groups  of  the  von  der  Helm  arrangement. 
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SECTION'   II 

That  portion  of  the  nitrogen  spectrum  under  investigation 
appears  to  be  formed  of  two  superimposed  spectra.  One  of  these 
consists  of  Hnes  of  regular  arrangement,  the  other  of  Unes  arranged 
irregularly.  A  graph  of  the  Unes  of  several  bands  of  the  e  group 
indicates  that  perhaps  50  out  of  the  250  lines  of  each  band  belong 
to  the  regular  spectrum.  These  sets  of  50  lines  have  a  similar 
appearance  in  each  band.  It  is  thus  possible  to  identify  correspond- 
ing Knes  in  successive  bands  and  to  form  them  into  series  extending 
through  one  band  group,  and  obeying  Deslandres'  Law  as  a  first 
approximation.  I  shall  call  each  of  the  50  series  thus  formed  a 
"simple"  series. 

The  first  heads  of  successive  bands  are  composed  mainly  of 
several  such  series,  and  the  general  position  of  the  first  heads  of 
successive  bands,  under  low  dispersion,  forms  roughly  such  a  series. 
Table  IV  gives  the  simple  series  of  longest  wave-length  in  each 
band  group.  It  is  therefore  composed  of  the  "first"  hea\'y'  line 
in  each  band,  in  the  case  of  all  the  bands  photographed  under  high 
dispersion.  For  the  others  the  approximate  position  of  the  edge 
of  the  first  head  is  used,  as  given  in  Tables  II  and  III.  Deslandres' 
Law  demands  that  the  first  frequency  differences,  given  in  the  fifth 
column,  shall  form  an  arithmetical  progression,  the  second  differ- 
ences (sixth  column)  being  a  constant.  The  probable  experimental 
error,  in  terms  of  frequency,  varies  from  o .  04  at  X  5000  to  o .  02  at 
X  68cx>.  Such  an  average  error  in  the  measurements,  however, 
may  cause  an  average  variation  four  times  as  large  in  the  second 
differences  given  in  the  last  column. 

Each  series  evidently  obeys  Deslandres'  Law  for  the  major 
portion  of  its  extent,  but  deviates  from  this  law  near  the  violet 
end  of  the  group.  This  is  true  for  series  in  all  band  spectra,  Des- 
landres' Law  holding  only  near  the  head  of  a  series.  The  only 
formula  holding  for  an  entire  series  is  that  of  Thiele.'  It  contains 
eight  undetermined  coefficients  and  so  is  very  difficult  to  work  with. 
I  have  preferred  to  use  simply  Deslandres'  Law,  or  a  slight  modifica- 
tion of  it,  and  to  note  whether  there  was  a  regular  deviation  from 
this  law. 

'  Aslrophysical  Journal,  6,  65,  1897. 
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Designation 

A 

(AiE) 

Frequency 

(vacuo) 

First 

DrFFERENCE 

Second 

I          p    n 

DEFERENCE 

f 

i6 

34-37 

5126.81 

19,499  86 

107.88 

f 

15 

35-38 

5155  32 

19,391    98 

108. 15 

0,27 

f 

14 

36-39 

5184.24 

19,283.83 

109  37 

I  .22 

/ 

13 

37-40 

5213  81 

19,174  46 

110.64 

1.27 

/ 

12 

38-41 

5244  0- 

19,063.82 

1 1 2 . 03 

I   39 

/ 

II 

39-42 

5275  07 

18,951.79 

"3  52 

I   49 

/ 

10 

40-43 

5306.86 

18,838.27 

114.84 

1.32 

/ 

9 

41-44 

5339  41 

18,723.43 

116  42 

1.58 

/ 

8 

42-45 

5372-82 

18,607.01 

118.07 

1.65 

/ 

7 

43-46 

5407-13 

18,488.94 

"9  57 

1.50 

/ 

6 

44-47 

5442-32 

18,369  37 

121 .  19 

1.62 

/ 

5 

45-48 

5478.47 

18,248.18 

122.82 

1.63 

/ 

4 

46-49 

5515   59 

18,125  36 

124.46 

1.64 

/ 

3 

47-50 

5553   73 

18,000.90 

126.01 

I  55 

/ 

2 

48-51 

5592-88 

17,874.89 

'  126.53 

0  52 

'    / 

I 

49-52 

5632   75 

17,748.36 

e 

IS 

35-39 

5484  34 

18,228.65 

141. 19 

e 

14 

36-40 

5527   15 

18,087.46 

141.65 

0  46 

e 

13 

37-41 

5570.78 

17,945.81 

142 -34 

0  69 

e 

12 

38-42 

5615  32 

17,803.47 

143   17 

0  83 

e 

II 

39-43 

5660 . 84 

17,660  30 

144-24 

1.07 

e 

10 

40-44 

5707  46 

17,516.06 

145.26 

1 .02 

e 

9 

41-45 

5755-19 

17,370.80 

146.49 

1.23 

e 

8 

42-46 

5804-13 

17,224.31 

147.89 

1 .40 

e 

7 

43-47 

5854 ■ 40 

17,076.42 

149.21 

1.32 

e 

6 

44-48 

5go6.oi 

16,927.21 

150.67 

1.46 
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Desigxatioh 

A 

(Are) 

FtsQVTScrt 
(vacuo) 

FmsT 
DirraBEScE 

Secxind 

Difference 

P     " 

e 

5 

45-49 

5959  05 

16,776.54 

152.10 

I   43 

e 

4 

46-50 

6013.57 

16,624.44 

153  62 

1-52 

e 

3 

47-51 

6069.66 

16,470.82 

155   13 

I  SI 

t 

2 

48-52 

6127.37 

16,315.69 

156.54 

I  41 

t 

I 

49-53 

6186.73 

16,159   15 

d 

12 

40-45 

6185.22 

16,163.09 

175-18 

d 

II 

41-46 

6253.00 

15.987-91 

176-53 

1-35 

d 

TO 

42-47 

6322.82 

15,811.38 

177  56 

I  03 

d 

9 

43-48 

6394  63 

15,633.82 

178-77 

1. 21 

d 

8 

44-49 

6468.60 

15^45505 

180.13 

1-36 

d 

7 

45-50 

6544.88 

15,274-92 

181.47 

1-34 

d 

6 

46-51 

6623.57 

15,093  45    ■ 

182.75 

1.28 

d 

S 

47-52 

6704 -75 

14,910.70 

184.18 

1-43 

d 

4 

48-53 

6788.61 

14,726.52 

186.0 

1.8 

d 

3 

4^54 

6875-5 

14,540  5 

192.9 

d 

2 

50-55 

6968.0 

M,347  6 

186.4 

d 

I 

51-56 

7059.6 

14,161 . 2 

c 

8 

43-49 

7059  6 

14,161.2 

208.2 

c 

7 

44-SO 

7165.0 

13,953  0 

209  2 

c 

6 

45-51 

7274.0 

13.743  8 

208.5 

c 

S 

46-52 

7386.1 

13,535-3 

215  4 

c 

4 

47-53 

7505  6 

13,319  9 

208.4 

c 

3 

48-54 

7624.8 

13.111  3 

198-5  (?) 

c 

2 

49-55 

7742.     (?) 

12,913.    (?) 

237-     (?) 

c 

—  56 

7887. 

12,676 

b 

■      50 

7887 

12,676 

246 

POSITIVE  BAXD  SPECTRUM  OF  XITROGEX 
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A 

Frequency 

Second 

{■auMo) 

P    " 

b 

7      44-51 

8043 

12.43° 

244 

b 

6 

45-52 

S204 

12,186 

240 

b 

5 

46-53 

8369 

11,946 

241 

b 

4 

47-54 

8541 

"■705 

b 

3 

4«-5S 

8707. 

11,482 

253 

b 

- 

49-56 

8903 

11,229 

244 

b 

I 

50-57 

91OI 

10,985 

In  groups  d  and  e  it  is  occasionally  doubtful  what  Kne  forms  the 
beginning  of  a  new  band.  In  the  first  heads  of  the/  group,  however, 
there  appears  an  extremely  hea\y  doublet,  the  successive  pairs 
of  lines  ha\-ing  not  only  the  same  relative  intensity,  but  also  a  con- 
stant frequenc}-  difference.  The  doublets  thus  form  two  simple 
series,  of  which  that  of  longer  wave-length  has  been  used  for  the  / 
group  of  Table  R'.  In  /  i  onl\-  one  member  of  the  doublet  is 
present — -that  of  shorter  wave-length.  Hence  it  does  not  fit  well 
with  the  other  lines  in  Table  I\'.  I  give  in  Table  ^'  the  simple 
series  formed  from  the  more  refrangible  member  of  the  doublet. 

The  first  nine  terms  of  this  series  can  be  fitted  into  the  ordinar}- 
Deslandres'  formula 

t=A^B{m+cy  (2) 

with  an  average  difference  between  obser\-ed  and  computed  values 
of  0.005  •^-  f^or  the  less  refrangible  member  of  the  doublet  the 
corresponding  average  difference  is  0.006  A.  and  the  constants  for 
this  latter  series  are: 

.4  =  22.900.627 

B=  —      0.8000 
c=-\-      0.260 

m  =  So  to  72 

The  beginning  of  the  de\-iation  from  Deslandres'  Law  occurs, 
in  both  series,  at  a  point  of  minimiun  intensity  at  /  10  (X  5306). 
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TABLE  V 


Designation 

(Are) 

Frequency 
{vacuo) 

First 
Difference 

Second 

P    n 

Difference 

/      I 

49-52 

5632.754 

17,748,361 

127,701 

/      2 

48-51 

5592514 

17,876.062 

126.032 

1 .669 

/      3 

47-50 

5553362 

18.002   OQ4 

124  435 

I   597 

/      4 

46-49 

5515    239 

18,126,529 

122.806 

1 .629 

/      5 

45-48 

5478.124 

18,249.335 

121. 199 

1.607 

/      6 

44-47 

5441.981 

18,370.534 

119.584 

1.615 

/      7 

43-46 

5406 . 785 

18,490.  118 

118. 013 

I   571 

/      8 

42-45 

5372.496 

18,608,131 

116.429 

1.584 

/      9 

41-44 

5339  o8q 

18.724,560 

114.885 

1. 544 

/    lo 

40-43 

5306.529 

18.839,445 

113.406 

I  479 

f    I' 

39-42 

5274.777 

18,952,851 

112,027 

I   379 

/    12 

38-41 

5243  782 

19,064.878 

110,579 

1.448 

/    13 

37-40 

5213  540 

19.175.457 

109.382 

1.197 

/    14 

36-39 

5183  970 

19,284.839 

:o8.oi8 

I  364 

/    IS 

35-38 

5155.09s 

19,392.857 

At  this  same  point  the  frequency  difference  of  the  doublet  also 
begins  to  diminish.  For  these  two  reasons  it  appears  that  the  / 
group  consists  really  of  two  groups,  having  a  point  of  coincidence 
at  \  5306.  Table  VI  gives  the  frequency  difference  of  the  doublets 
for  the  entire  /  group. 

I  have  thus  far  been  unable  to  find  any  other  strong  series 
lying  within  the  heads  of  the  /  group.  In  the  d  and  e  groups, 
however,  there  are  at  least  15  series,  distributed  among  the  three 
heads.  In  niost  of  these  the  second  difference  remains  approxi- 
mately constant  for  six  or  eight  terms;  in  a  few  it  forms  more 
nearly  an  arithmetical  progression,  the  third  difference  being  con- 
stant. Such  a  relation  can  be  satisfied  by  adding  one  more  term  to 
Deslandres'  Law.  so  that  it  reads: 

v  =  A+B(m+cy+C{m+cy  .  (3) 


POSITIVE  BAND  SPECTRUM  OF  NITROGEN 
TABLE  VI 


77 


Designation 

/2 

/3 

/4 

/5 

/6 

Si 

/8 

Difference  (in  —  j 

1. 173 

I   193 

I  .  167 

II57 

I  .  161 

1. 1 76 

I.  123 

DESIGNATION 

So       1      /lo      1      III 

/12 

/13 

/I4 

/is 

Difference 

1. 1 27      1. 1 75  !  1.064 

I    059 

I    034 

1 .006 

0.876 

In  the  fifteen  series  the  average  difference  of  experimental  and 
calculated  values  is  slightly  more  than  o.oi  A.  In  some  cases  it 
is  over  0.02  A  and  evidently  exceeds  the  experimental  error  of 
measurement.  The  lines  forming  the  doublets  in/  are  very  difficult 
to  measure  correctly,  because  of  their  great  intensity,  and  the 
nearness  of  adjacent  lines.  Yet  they  fit  into  series  better  than  any 
other  set  of  lines.  Hence  the  deviations  from  formulae  (3)  or  (2), 
in  the  case  of  other  series  are  real,  and  not  due  to  experimental 
errors. 

The  spacing  arrangement  in  dilTerent  series  varies  slightly,  so 
that  series  often  tend  to  cross  one  another,  and  this  gives  successive 
heads  an  entirely  different  appearance.  This  can  best  be  shown  by 
the  five  series  in  heads  IV  d.  These  five  series  include  nearly  two- 
thirds  of  all  the  lines  present  in  these  heads,  and,  with  two  excep- 
tions, every  strong  line.  Series  5  and  e  start  from  the  same  line 
and  gradually  diverge.  Series  5,  at  the  fifth  term,  breaks  into  a 
doublet,  the  components  of  which  in  turn  diverge.  The  middle 
of  the  doublet  is  used  for  the  last  two  terms.  Such  a  sudden 
splitting  of  a  line  into  a  doublet  is  common  in  the  series  found  in 
band  spectra,  and  there  are  numerous  examples  of  it  in  the  spectrum 
under  investigation.     The  five  series  are  given  in  Table  VII. 

The  foregoing  portion  of  Section  II  has  been  concerned  simply 
with  the  law  followed  by  individual  simple  series,  each  being 
considered  entirely  independently.     There  are  also   relationships 
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TABLE  VII 
IV  d  a 


A 

Frequency 

First 

Second 

(Air) 

( vaiuo) 

Difference 

Difference 

6758  034 

14.793    III 

184.265 

6674. Q08 

14,977   376 

182.805 

I  .460 

6594.418 

15,160.  181 

181.493 

I. 312 

6516.403 

15,341.674 

180.153 

1-340 

6440 . 768 

15.521-827 

178,804 

I   349 

6367.416 

15.700  631 

I77S53 

I. 251 

6296. 212 

15,878.184 

1 76  533 

I  020 

6226.978 

16,054.717 

175-368 

I -165 

6159.692 

16,230.085 

IV  i  /S 


IV  d  7 

6756.666 

14,796.151 

184. 127 

6673.615 

14,980.278 

182.807 

1.320 

6593  155 

15,163.085 

181.467 

I   340 

6515.181 

15.344-552 

180. 115 

I   352 

6439  590 

15,524.667 

178.843 

1.272 

6366.252 

15.703  510 

177  537 

1.306 

6295-077 

15,881.047 

POSITIVE  BAND  SPECTRUM  OF  NITROGEN 
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TABLE  Ml—Conlitiucd 
IV  d  S 


X 

Frequency 

First 

Second 

(Air) 

{vacuo) 

Difference 

Difference 

6755-948 

14,797    724 

184.040 

6672 

954 

14,981  ,  764 

182.672- 

1.368 

6592 

568 

i5>i64-436 

181.279 

1-393 

6514 

687 

15.345-715 

179.844 

I   435 

6439 

220 

i5>5^5  559 

178.540 

1-304 

6366 

010 

15,704-099 

6755-948 

14,797-724 

184.268 

6672.852 

14,981  .992 

.182.777 

1. 491 

6592-423 

15,164.769 

181 .484 

I    293 

6514  459 

15,346-253 

1 80 . 1 1 0 

I   374 

6438.887 

15.526.363 

178.837 

1-273 

6365   564 

15,705.  200 

between  the  spacing  arrangement  of  simple  series  in  different  band 
groups.  This  can  best  be  studied  from  the  standpoint  of  the  Cuth- 
bertson  arrangement. 

In  a  two-parameter  formula  such  as  (i)  there  may  be  included 
one  line  from  each  band  in  the  entire  spectrum.  It  therefore  com- 
prises several  simple  series.  The  entire  set  of  simple  series,  one  for 
each  band  group,  satisfying  separately  and  collectively  such  a  two- 
parameter  formula  I  call  a  "complete"  series.  When  the  lines  of 
any  complete  series  are  regrouped  to  form  the  p  and  n  progressions, 
it  appears  that  formula  (i)  is  not  the  correct  functional  form. 
Table  VIII  shows  this  clearly.  In  this  table  I  give  only  the  average 
frequency  intervals  of  the  two  progressions,  using  the  data  given 
in  Table  IV. 
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TABLE  VIII 

First  Progression 

Second  Progression 

^  =  Constant 

»= Constant 

First 

Second 

First 

Second 

n 

Frequency 

Frequency 

t 

Frequency 

Frequency 

Difference 

Difference 

Difference 

Difference 

S4 

1615.0 

49 

1432   3 

S3 

1589  4 

25.6 

48 

1405.0 

27  3 

52 

ISS9  S 

29  9 

47 

13770 

28.0 

S^ 

1530  6 

28.9 

46 

1349   2 

27.8 

5° 

1501   6 

2Q.O 

45 

1321.4 

27.8 

49 

1472.0 

2Q.6 

44 

1293-4 

28.0 

48 

1442  4 

2Q.6 

43 

1264  8 

28.6 

47 

1412.7 

2Q.7 

42 

1236.3 

28.5 

46 

1382.8 

2Q.9 

41 

1207,4 

28.9 

45 

1352  6 

30.2 

40 

1178.0 

29.4 

44 

1322.3 

30-3 

39 

1148.3 

29   7 

43 

12915 

30.8 

38 

1118.0 

303 

42 

1260.3 

31.2 

37 

1087.0 

31  ° 

41 

1228.7 

31.6 

36 

1056.0 

31  ° 

40 

1 196  3 

32.4 

35 

1022.6 

33  4 

39 

1165.0 

31   3 

34 

38 

"305 

34-5 

37 

The  second  difference  is  an  approximate  arithmetical  progression 
and  requires  a  function  of  the  type  given  in  formula  (3).  Instead 
of  formula  (i)  we  must  therefore  use: 

v=A^-B{n-^c;)'+r{n-\-c,Y+C{p+c,y^-s{p+c,y .  (4) 

Since  the  variation  of  both  n  and  />  has  the  same  functional  form, 
it  follows  that  the  variation  of  both  together,  such  as  we  find  in  a 
simple  series,  has  also  this  same  form.  For  that  reason  it  is  possible 
to  combine  two  simple  series  in  order  to  determine  the  constants  of  a 
complete  series.     The  two  conditions  imposed  upon  such  a  pair  of 
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simple  series  are:    (i)  each  simple  series  must  fit  formula  (3);    (2) 
both  simple  series  must  have  the  same  third  difference. 

In  formula  (3)  this  third  difference  equals  6C;  in  (4)  it  is  6(r+.?). 
It  is  therefore  the  same  for  both  simple  series.  When  the  constants 
of  a  complete  series  are  thus  determined,  all  other  simple  series  in- 
cluded in  the  complete  series  have  definite  predicted  positions. 

If  we  now  choose  the  simple  series  given  in  Table  IV.  using  only 
the  band  groups  for  which  we  have  accurate  measurements  (groups 
/,  e,  and  part  of  d),  it  appears  that  all  three  simple  series  satisfy 
condition  (i),  but  no  two  of  them  satisfy  condition  (2).  It  is 
therefore  impossible  to  group  them  together  into  a  complete  series 
satisfying  formula  (4),  and  so  the  first  lines  of  the  first  heads  of  all 
bands  do  not  satisfy  the  Cuthbertson  arrangement.  Another  way 
of  stating  this  is  that  the  several  First  Progressions  are  not  identical 
with  one  another.  This  was  evident  in  compiling  Table  VIII. 
There  are  eight  intervals  in  this  table  whose  values  can  each  be 
derived  from  two  different  First  Progressions  (and  similarly  for 
the  Second  Progressions) ,  using  only  accurate  data.  For  these  eight 
intervals  the  average  difference  of  the  two  values  is  0.2  A .  more 
than  ten  times  the  experimental  error. 

In  the  I  heads  of  the  d  group  there  are  three  heavy  lines  in  all. 
The  two  of  shorter  wave-length  form  a  doublet  of  the  same  con- 
stant frequency  difference  as  that  in  the  /  group.  This  suggested 
the  combination  of  these  two  series  of  doublets  into  two  com- 
plete series,  which  should  differ  from  one  another  only  by  a  con- 
stant value.  It  appears  that  the  two  simple  series  formed  from 
the  doublets  in  the  d  .group  are  compatible  with  those  of  the  / 
group,  and  so  this  rearrangement  into  complete  series  is  possible. 

The  simple  series  in  the  d  group,  of  shorter  wave-length,  is 
given  in  Table  IX. 

Using  the  two  simple  series  given  in  Tables  V  and  IX,  we  get 
the  following  constants  for  the  complete  series.  The  derivation  is 
rather  laborious,  and  the  computations  were  not  made  by  a  strictly 
least-squares  method: 

A  =22,108.476  r=-|-o.o245 

B=—    18.0562  5=—    .0254 

C  =+    17.2474  c,  =  -H   .3365 

C2=+        .7222 
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For  p  and  n  the  derived  values  are  respectively  three  and  four 
units  lower  than  Deslandres'  values,  which  I  have  consistently 
used  in  designating  the  bands.  This  shows  not  only  that  the  values 
of  Ci  and  c^  (which  define  the  "phase"  of  a  series)  are  meaningless 
without  more  accurate  data,  but  also  that  no  deductions  can  be 
drawn  from  the  exact  value  of  p—n  for  any  band  group. 


Designation 

. 

A 
(.^IR) 

Frequency 
{vacuo) 

First 
Difference 

Secon-d 

Difference 

P     » 

d     A 

48-53 

6787.712 

14,728.479 

184.174 

d     5 

47-52 

6703.879 

14,912.653 

182.883 

1 .  291 

d     6 

46-51 

6622.658 

15.095   536 

181.577 

1.306 

d     7 

45-5° 

6543    942 

15,277113 

180. 242 

I  335 

d     8 

44-49 

6467 . 634 

15-457-355 

178.890 

I  352 

d     9 

43-48 

6393    636 

15,636.245 

177.680 

I. 210 

d    lo 

42-47 

6321.797 

15,813  925 

For  eight  terms  from  the/  group,  and  seven  from  the  d  group, 
the  average  difference  (obs.  — calc.)  is  0.005  -^-     For  the  less  re- 
frangible member  of  the  doublet  we  have 
.1  =  22,107.315 

The  other  constants  remain  the  same.     For  14  terms  the  average 
difference  (obs.  — calc.)  is  o.oi  A. 

By  means  of  the  constants  given  abov^e  we  can  obtain  the 
theoretical  position  of  corresponding  simple  series  in  all  other 
band  groups.  From  the  position  of  the  component  simple  series, 
in  the  heads  of  the  d  and  /  groups,  we  should  e.xpect  the  predicted 
series  in  the  b  and  c  groups  to  lie  just  to  the  violet  of  the  rough 
measurements  of  the  first  heads  in  those  groups.  This  is  found 
to  be  the  case,  within  the  limits  of  experimental  error.  In  the  c 
group,  however,  where  we  have  accurate  data,  there  is  no  series 
in  the  predicted  position.  .-MI  series  in  I  f  have  a  slightly  different 
spacing  arrangement,  and  one  of  thorn  gradually  crosses  the  pre- 
dicted series. 
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Thus  the  only  Cuthbertson  arrangement  I  have  been  able  to 
get  is  between  alternate  rather  than  adjacent  groups.  As  already 
pointed  out.  k  )  =§(/'+")(■  and  I  \  =^{p  —  n)\  are  the  parameters 
in  the  von  der  Helm  arrangement,  corresponding  to  p  and  n  in  the 
Cuthbertson  arrangement.  In  this  latter  arrangement  the  first 
heads  of  all  the  bands  are  represented  by  integral  values  of  p  and  n. 
In  the  von  der  Helm  arrangement  integral  values  of  k  give  a  simple 
series.  If,  however,  we  keep  k  constant,  and  give  /  successive 
integral  values,  we  get  corresponding  first  heads  only  in  every 
alternate  band  group.  (See  series  ^  =  constant  on  Fig.  i.)  For 
the  intermediate  groups  /  has  the  value  of  an  integer  plus  one-half, 
and  cannot  be  satisfied  by  integral  values  of  p  and  n.  Therefore 
we  might  expect  to  find  related  simple  series  only  in  every  alternate 
group.  I  have  at  present  no  other  numerical  evidence  either  for 
or  against  this  view. 

The  previous  discussion  shows  that  many  more  lines  can  be 
fitted  into  series  on  the  von  der  Helm  arrangement  than  on  the 
Cuthbertson.  This  naturally  follows  from  the  fact  that  each 
simple  series  involves  only  one  parameter,  while  the  Cuthbertson 
arrangement  involves  two.  The  individual  series  in  different  band 
groups  should  have  related  spacing  arrangements,  given  implicitly 
by  formula  (4).  The  data  show,  however,  that  the  relation  is  in 
general  not  accurate  within  the  limits  of  experimental  error. 

One  further  point  of  interest*  is  the  continuity  of  successive 
band  groups.  The  heads  of  the  last  band  of  one  group  practically 
coincide  with  those  of  the  first  band  of  the  succeeding  group.  In 
this  connection  the  band  at  X  6186  is  the  most  interesting  in  the 
entire  spectrum.  In  this  band  we  have  at  6186.7  a  head  which 
agrees  in  its  general  position  and  appearance  with  the  designation 
I  e  I ;  similarly  at  6185 . 2  a  head  1  d  12.  The  entire  appearance  of 
the  band  is  that  oi  a.  d  band,  and  it  is  doubtful  whether  the  e  group 
is  represented  save  by  I  c  i.  although  I  have  recorded  in  Table  I 
the  lines  in  the  vicinity  of  the  theoretical  position  of  II  e  i  and 
IV  e  I. 

In  the  case  of  the  e  and  /  groups,,  the  theoretical  position  of 
I  e  16  is  5443.3,  almost  coinciding  with  the  strong  1/6  head  at 
5442.3.     Deslandres  records  I  e  16  but  there  seem  to  be  no  lines 
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at  this  point  resembling  an  e  head.  Again,  however,  the  rough 
theoretical  positions  of  these  two  heads  almost  coincide.  For  the 
other  groups  the  coincidences  are  at  7059.6  and  7887.  The  data 
are  so  inaccurate  here  that  the  positions  will  fit  equally  well  in 
either  of  the  adjacent  band  groups.  Considering  that  we  have  at 
least  approximate  coincidences  at  the  four  points  mentioned  above, 
several  interesting  relations  follow. 

The  values  of  [>  and  n  at  these  points  are: 

P       n  p       n  p       n  p       n 

J    \    43-50  ,   j    43-49  )    40-45  \    34-38 

'    50-56  '    I    51-56  "^     I.    49-53  '    44-47 

Since  the  coincidence  is  between  two  heads  of  different  band  groups, 
the  two  values  of  p  —  n  at  each  point  differ  by  unity.  Two  other 
unexpected  facts,  however,  are:  (i)  that  the  discontinuity  in  p 
increases  by  unity  at  each  succeeding  point  of  coincidence;  and 
(2)  that  the  number  of  bands  between  points  of  coincidence  in- 
creases by  four,  from  group  to  group.  This  is  also  shown  in  Fig.  i. 
The  coincident  points  are  indicated  by  vertical  dotted  lines.  The 
length  of  these  lines  gives  the  discontinuity  in  p.  The  number  of 
bands  between  them  is  seen  to  increase  by  four,  as  one  goes  from 
red  to  violet.  In  group  c  there  are  six,  in  d  ten.  and  in  e  fourteen 
bands. 

If  this  rule  were  followed  farther  to  the  red  we  should  expect 
only  two  bands  in  b,  between  the  coincident  bands  46-53  and  43-50. 
This  would  be  the  last  group,  the  next  one,  by  rule,  having  zero 
length.  On  the  violet  side  we  should  expect  nine  more  bands 
(including  the  coincident  ones)  in  the  /  group,  25-28  coinciding 
with  36-38  of  an  unknown  g  group,  and  so  on.  In  the  next  (li) 
group  the  last  of  the  26  predicted  bands  would  have  p=  —  i,  «  =  o. 
Since  the  correct  value  oi  p  —  n  for  any  band  grouj)  is  indeterminate 
to  at  least  one  integer,  it  seems  natural  to  su])ix)se  that  all  values 
of  p  should  be  raised  by  one  integer. 

We  should  then  have  a  comj)lete  plan  for  the  First  Dcslandres" 
Group.  It  would  start,  theoretically,  at  p  =  o.  n  =  o.  and  would 
consist  of  seven  groups  of. bands.  The  first  head  of  some  band 
near  the  end  of  each  group  would  coincide  apjiroximately  with  the 
first  head  of  a  band  in  the  next  sjroup.     'Vhv  number   of   bands 
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between  coincidences  would  diminish  by  four,  in  each  succeeding 
group.  Some  groups  run  past  the  points  of  coincidence  and  so 
overlap  on  each  other. 

Although  groups  g  and  h  do  not  appear  in  the  ordinary  spectrum, 
Goldstein'  believes  he  has  seen  the  First  Deslandres'  Group,  under 
certain  low-temperature  conditions,  extending  into  the  blue.  Other 
investigators  have  been  unable  to  verify  this.  Group  h  should  start 
at  X  4430  and  extend  to  X  4530.  Group  g  should  extend  from  this 
latter  point  to  X  4890,  and  /  from  X  4890  to  X  5442 . 8. 

SECTION   III 

Under  high  dispersion  successive  bands  have  a  very  similar 
appearance,  and  this  not  only  suggested  to  the  author  the  formation 
of  simple  series,  but  also  indicates  the  validity  of  the  von  der  Helm 
arrangement  of  the  bands.  The  general  intensity  of  successive 
bands  also  varies  continuously  through  a  group  of  bands.  All 
simple  series  were  formed  from  lines  of  the  same  general  appearance, 
and  of  a  continuously  varying  intensity.  The  large  number  of 
possible  series  with  approximately  the  same  spacing  is  also  good  evi- 
dence of  a  connection  between  successive  lines. 

A  few  bands  in  group  e  have  been  measured  and  plotted  beneath 
one  another.  It  is  these  bands  (X  5900-X  5700)  that  indicate  the 
existence  of  some  50  simple  series  of  lines^  superimposed  upon  a 
much  larger  number  of  unrelated  lines.  Below  X  5700  all  of  the  e 
series  die  out,  save  only  those  in  the  first  heads.  In  the  d  group, 
however,  the  series  extend  to  the  last  regular  d  band  at  X  6185,  and 
perhaps  farther.  In  the  case  of  the  /  group  there  seem  to  be  no 
conspicuous  series  save  the  two  mentioned  in  the  first  heads.  This 
portion  is  the  most  irregular  of  the  entire  spectrum. 

The  only  exceptions  to  the  general  rise  and  fall  of  intensity  in 
the  bands  of  one  group  are  two  very  strong  heads  at  X  7072 .8  and 
X  6968.0.  The  latter  lies  at  the  predicted  position  oi  1  d  2.  The 
former  lies  somewhat  to  the  red  of  I  c  8.  There  is  no  apparent 
reason  why  either  one  should  be  strong. 

On  the  other  hand,  all  changes  in  appearance  of  the  bands 
under   changing   physical    conditions   point    to    the    Cuthbertson 

■  Goldstein,  Phys.  Zeitschr.,  6,  14,  1905. 
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arrangement  as  the  one  indicating  the  actual  physical  connection 
between  the  sources  of  the  radiation.  Fowler'  has  shown  that  the 
spectrum  of  the  active  modification  of  nitrogen  shows  certain  of 
the  bands  of  the  First  Deslandres'  Group  greatly  intensified,  while 
the  others  are  very  faint  or  entirely  lacking.  The  three  strongest 
bands  are  those  at  X  6253,  X  5804,  and  X  5407  (^  =  46;  p  =  4i.  42, 
and  43),  while  the  weaker  bands  on  each  side  are  those  at  X  6323, 
^5854.  ^5442  ("  =  47;  P  =  42,  43.  44)  and  at  X6i8s,  X  5755,  and 
^5373  ('^  =  45'  P  =  4°'  4i.  and  42).  Fowler  has  pointed  out  this 
evidence  in  favor  of  the  Cuthbertson  arrangement. 

The  fact  that  apparently  the  entire  band  is  increased  in  intensity 
may  point  to  a  further  relation,  not  included  in  the  Cuthbertson. 
It  would  be  very  interesting  to  photograph  this  spectrum  under  high 
dispersion  and  to  note  whether  all  the  lines  of  a  band  were  intensi- 
fied, or  only  those  belonging  in  series. 

Angerer''  has  made  an  exhaustive  study  of  the  First  Deslandres' 
Group  at  low  temperature.  I  have  made  no  critical  study  of  his 
results,  and  cannot  well  do  so  until  I  have  my  own  measurements 
completed.     Several  points,  however,  are  worth  noting. 

At  low  temperature  the  heads  of  a  band  are  far  more  intense, 
relative  to  the  rest  of  the  band,  than  at  ordinary  temperature. 
This  is  especially  true  of  the  III  heads  which,  at  high  temperature, 
escape  detection  in  many  bands — -not  having  been  measured  at  all 
by  von  der  Helm.  But  they  are  particularly  strong  at  low  tempera-' 
ture.  This  would  point  to  an  independence  between  the  series 
lying  within  the  heads  of  the  bands,  and  other  series. 

At  low  temperature  the  entire  spectrum  is  relativel>'  much 
fainter  than  at  room  temperature.  Aside  from  two  small  groups 
of  lines  in  the  green,  the  only  exceptions  to  this  statement  are  the 
first  heads  of  the  three  bands  X6623,  X  6070,  and  X  5593  {n  =  $i; 
p  =  46,  47,  and  48),  The  second  of  these  is  even  more  intense  at 
low  temperature,  while  the  other  two  are  fully  as  intense.  Here 
again  we  have  evidence  in  favor  of  the  Cuthbertson  arrangement. 

There  is  one  additional  fact  pointing  to  a  general  relationship 
between  the  heads  of  all  the  bands.     The  frequency  ditTerence  of 

'  Fowler,  Proc.  Roy.  Soc,  8s  .V,  J77,  iQii. 
'Anil.  d.  I'hys.,  32,  549,  iqio. 
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the  rough  position  of  the  I  and  IV  heads  is  a  constant  for  all  bands 
from  X  5100  to  X  9100,  although  the  length  of  the  bands  more  than 
doubles  within  this  range.  The  maximum  variation  of  the  dilYer- 
ence  is  7  units  (from  i>  =  68  to  61).  The  frequency  difference  of  the 
I  and  II  heads,  except  in  the/  group,  is  also  practically  constant. 
I  cannot  recall  having  previously  seen  this  fact  explicitly  stated. 

This  relation  of  the  heads  is  what  we  should  expect  if  the  bands 
were  composed  of  a  number  of  identical  series  of  lines.  It  seems 
evident  that  all  possible  series  have  very  closely  the  same  spacing, 
but  it  is  also  certain  that  the  spacing  is  not  identical. 

Sections  II  and  III  may  be  summarized  in  the  statement  that 
numerical  relationships  among  the  lines  of  the  First  Deslandres' 
Group  favor  the  von  der  Helm  method  of  grouping,  while  changes 
in  the  bands  under  varying  physical  conditions  of  the  source  all 
point  to  the  Cuthbertson  method  as  the  significant  one. 

CONCLUSIONS 

1.  The  First  Deslandres'  Group  of  the  positive  band  spectrum 
of  nitrogen  consists  really  of  two  spectra,  one  composed  of  a  large 
number  of  superimposed  series  of  lines,  the  other  quite  irregular. 

2.  The  similarity  in  the  spacing  of  all  series  gives  the  banded 
appearance  of  the  spectrum,  the  length  of  a  band  being  the  distance 
between  two  successive  lines  of  each  series. 

3.  The  so-called  "heads"  of  the  bands  are  formed  by  groups 
of  particularly  heavy  lines,  accompanied  by  more  or  less  con- 
tinuous radiation. 

4.  It  is  possible  to  fit  a  greater  number  of  lines  into  the  simple 
series  of  the  von  der  Helm  arrangement  of  bands  than  into  the  more 
complex  two-parameter  formula  indicated  by  the  Cuthbertson 
arrangement.  All  physical  changes  in  the  spectrum,  however, 
favor  the  latter  arrangement. 

5.  Simple  series  of  lines,  running  through  one  band  group  of 
the  von  der  Helm  arrangement,  obey  Deslandres'  Law  for  at  least 
the  first  few  bands,  but  later  show  a  large  and  systematic  deviation 
from  it. 

6.  The  First  and  Second  Progressions  of  the  Cuthbertson 
arrangement  fit  approximately   into   a   formula   containing  both 
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the  second  and  third  powers  of  the  parameter,  but  will  not  fit 
the  simpler  second-power  formula  of  Deslandres"  Law. 

7.  The  successive  band  groups  have  certain  heads  which 
approximately  coincide,  and  these  points  of  coincidence  show 
regularities  which  enable  the  entire  set  of  bands  of  the  First  Des- 
landres' Group  to  be  arranged  so  as  to  indicate  a  definite  plan  for 
the  group. 

The  e.xperimental  part  of  the  investigation  is  the  resolving,  for 
the  first  time,  of  the  39  bands  between  X  5000  and  X  6800  into  about 
6400  lines,  and  the  measurement  of  a  portion  of  these  lines  with  an 
average  error  of  o. 01  A  or  less. 

In  conclusion  the  author  wishes  to  express  his  thanks  to  Pro- 
fessor C.  E.  Mendenhall  for  the  many  helpful  suggestions  offered 
during  the  progress  of  this  investigation. 

Department  of  Physics 
University  of  Wisconsin 
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NOTE  ON  THE  RELATIVE  INTENSITY  AT  DIFFERENT 

WAVE-LENGTHS  OF  THE  SPECTRA  OF  SOME  STARS 

HAVING  LARGE  AND  SMALL  PROPER  MOTIONS' 

By  W.ALTER  S.  ADAMS 

One  of  the  methods  proposed  by  Professor  Kapteyn  for  the 
investigation  of  the  question  of  the  absorption  of  hght  in  space  is 
the  comparison  of  the  intensity  at  several  different  wave-lengths  of 
the  spectra  of  stars  which  are  known  to  be  near  the  earth  with  such 
as  are  very  distant.  The  effect  of  general  absorption  or  scattering, 
so  far  as  is  known,  always  increases  toward  shorter  wave-lengths, 
and  if  such  absorption  is  present  in  space  we  should  expect  the  spec- 
trum of  the  more  distant  star  to  fall  off  more  rapidly  in  intensity 
toward  the  violet  end  of  the  spectrum  than  would  the  spectrum  of 
the  nearer  star. 

It  is  clear  that  for  the  purpose  of  making  such  a  comparison  a 
marked  advantage  will  be  gained  if  the  spectra  of  the  two  stars  are 
obtained  upon  the  same  plate,  since  the  two  spectra  are  then  treated 
precisely  alike  as  regards  development,  and  some  of  the  difficulties 
connected  with  the  possible  effect  of  difference  of  development  upon 
different  portions  of  the  spectr*im  are  eliminated.  Accordingly  we 
have  adopted  this  procedure  in  the  case  of  a  number  of  photographs 
obtained  for  this  purpose  with  the  Cassegrain  spectrograph.  In  a 
few  cases  the  spectra  of  the  two  stars  to  be  compared  are  photo- 
graphed side  by  side  through  the  star  window  in  the  occulting  bar, 
a  comparison  spectrum  being  added  for  convenience  in  the  deter- 
mination of  wave-lengths.  More  recently,  however,  we  have  used 
no  comparison  spectrum  and  have  photographed  but  one  star 
through  the  central  window.  Two  exposures  of  somewhat  dift'erent 
lengths  are  made  upon  the  second  star,  one  through  each  portion 
of  the  comparison  spectrum  window.     The  spectra  extend  from 
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about  X  4000  to  X  5000,  and  in  securing  the  photographs  the  attempt 
has  been  made  to  obtain  approximate  equality  of  density  for  the 
two  spectra  at  the  less  refrangible  end. 

Two  conditions  are  essential  to  make  a  comparison  of  this  sort 
of  value:  (i)  The  spectral  t>-pes  of  the  two  stars  must  be  practically 
identical.  (2)  The  photographs  must  be  taken  with  the  stars  at 
very  nearly  the  same  zenith  distance,  and  with  no  appreciable 
variation  in  the  transparency  of  the  sky. 

The  investigation  at  this  observatory  of  the  radial  velocities  of 
a  large  number  of  stars  with  measured  parallaxes  and  large  proper 
motions  has  provided  ample  material  for  the  selection  of  suitable 
spectra  among  the  nearer  stars.  For  the  more  distant  stars  it  is 
necessary  to  depend  upon  proper  motions  alone,  and  the  spectra  of 
a  considerable  number  of  stars  of  small  proper  motion  distant  about 
90°  from  the  apex  of  the  sun's  motion,  originally  obtained  for  radial 
velocity  determinations,  are  available  for  comparison  with  the  paral- 
lax stars.  The  two  spectra  are  compared  side  by  side  under  a 
Hartmann  spectro-comparator,  and  are  rejected  unless  the  agree- 
ment is  essentially  complete,  line  for  line.  Anyone  who  has  classi- 
fied stellar  spectra  is  familiar  with  the  rapid  change  in  intensity  at 
the  violet  end  of  the  spectrum  with  even  a  comparatively  small 
change  of  type. 

Although  the  total  number  of  photographs  so  far  obtained  is 
small,  the  results  are  of  sufficient  interest  to  deserve  a  few  words 
of  comment.  Out  of  20  pairs  of  stars  investigated,  two  pairs  are 
of  type  B8,  one  Ao,  one  F4,  one  F7,  two  G5,  two  G6,  one  G8,  seven 
Ko,  one  K2,  one  K4,  and  one  K6.  Of  these  the  pairs  of  stars  of  types 
B8,  Ao,  and  F4  show  no  appreciable  relative  difference  between  the 
two  ends  of  the  spectrum,  and  the  same  is  true  of  one  pair  of  t\pe 
06  and  one  of  type  Ko.  The  remaining  fourteen  pairs  all  show  a 
marked  difference,  which  in  some  cases  is  very  great.  In  every 
case  the  star  which  is  relatively  faint  at  the  violet  end  of  the  spec- 
trum is  the  star  of  small  proper  motion.  The  spectra  of  five  of 
these  fourteen  pairs  is  shown  in  Plate  IV,  enlarged  about  eight  times 
from  the  original  negatives.  The  sections  a  and  c  show  the  two 
star  spectra  side  by  side  with  a  comparison  spcctRim  above  and 
below.     The  other  three  sections  show  one  star  in  the  center  and 
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two  spectra  of  the  second  star,  one  on  either  side.     The  data  for 
these  stars  are  as  follows: 


Star 

Mag. 

Spectrum 

»i 

r, 

a.  .  .  . 

("Above 
\Below 

Boss     3542 
Brad.   1433 

S-7 
S-9 

F7 
F7 

0 
0 

'009 

+ofii 

b.... 

rOutside 
\Inside 

Boss       434 
j4  Piscium 

6  0 
6.1 

Ko 
Ko 

0 
0 

II 
59 

+0.15 

c 

rOutside 
\Inside 

Boss       430 
Brad.   3212 

6.1 
6.2 

Ko 
Ko 

0 
0 

005 
42 

+0.15 

d...  . 

f  Outside 

\lnside 

Brad.  3077 
Boss     6123 

5.6 
5.8 

K4 
■       K4 

0 

10 
020 

+0.16 

e  .  .  .  . 

/Above 
\Below 

Boss     3922 
Boss     4032 

5.8 
4.8 

Gs 
G5 

0 
0 

027 
364 

The  use  of  proper  motion  as  a  measure  of  distance,  however 
valuable  in  the  case  of  the  average  of  a  large  number  of  stars,  is  of 
course  by  no  means  conclusive  in  the  case  of  an  individual  star,  and 
this  consideration  may  well  apply  to  some  of  the  stars  in  the  list. 
For  the  six  pairs  of  stars  which  show  no  marked  effect  in  their  spectra 
only  a  single  parallax  determination  is  available,  the  relative  dis- 
tances of  the  remaining  pairs  being  based  upon  proper  motions 
alone.  For  three  of  these,  those  of  types  B8  and  Ao,  the  proper 
motion  of  the  star  supposed  to  be  the  nearer  amounts  to  only  three 
times  that  of  the  more  distant  star,  and  the  results  for  these  pairs 
accordingly  are  of  Httle  weight. 

The  evidence  of  this  small  amount  of  material  is  much  too  slight 
to  warrant  any  extended  discussion  of  its  application  to  the  problem 
of  the  absorption  of  light  in  space.  The  points  of  interest  are: 
first,  that  two  stars  having  the  same  t>pe  of  spectrum  may  differ 
very  greatly  in  the  relative  intensity  of  different  portions  of  their 
continuous  spectra;  second,  that  in  no  case  is  the  more  distant 
star  relatively  stronger  in  the  violet  portion  of  the  spectrum,  but  in 
a  considerable  majority  of  cases  is  weaker.  It  is  clear,  moreover, 
that  the  results  so  far  found  may  be  explained  equally  well  as  an 
effect  of  absolute  brightness  as  of  absorption  of  light  in  space. 
Since  the  stars  compared  are  of  nearly  the  same  apparent  magnitude 
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the  more  distant  star  must  be  intrinsically  much  the  brighter,  and 
probably  the  more  massive  as  well,  since  the  spectra,  and  hence  no 
doubt  the  physical  conditions  in  the  stellar  atmospheres,  are  very 
similar.  If  the  atmosphere  of  the  more  massive  star  absorbs  more 
strongly  than  that  of  the  smaller  star,  which  seems  fairly  probable 
from  physical  considerations,  this  would  account  for  the  differences 
observed/  In  order  to  separate  the  effect  of  absolute  magnitude 
from  that  of  absorption  of  light  in  space.  Professor  Kapteyn  has 
prepared  an  observing-list  of  pairs  of  stars  of  the  same  t\'pe  of 
spectrum  but  of  greatly  different  absolute  magnitude,  which  are  at 
the  same  distance  from  the  earth,  as  in  the  case  of  physically  con- 
nected double  stars,  or  for  which  the  parallaxes  are  approximately 
equal.  These  stars  would  be  affected  identically  by  absorption  of 
light  in  space,  and  any  observed  differences  in  relative  intensity  in 
different  parts  of  their  spectra  would  necessarily  be  due  to  the  effect 
of  absolute  brightness.  The  results  obtained  from  a  very  few  pho- 
tographs of  such  pairs  of  stars  as  yet  show  nothing  conclusive, 
although  they  point  to  no  very  definite  effect  due  to  this  source. 
As  an  illustration,  a  photograph  of  the  spectra  of  the  stars  a  Aurigae 
and  Groombridge  884  shows  little  or  no  difference  in  the  relative 
intensity  of  the  violet  and  red  ends  of  the  spectrum.  According  to 
the  measured  parallaxes  these  stars  differ  by  7.6  magnitudes  in 
absolute  brightness,  and  with  every  allowance  made  for  uncer- 
tainties in  the  values  of  the  paralla.xes  the  difference  must  still  be 
very  great. 

It  is  evident  even  from  the  results  given  in  this  l)ricf  communi- 
cation that  the  method  of  comparing  the  actual  spectra  of  stars 
has  several  advantages  over  most  other  methods  when  the  stars  are 
sufficiently  bright  to  enable  its  use.  The  fact  that  stars  of  identical 
spectra  may  be  selected,  and  that  the  comparison  may  be  made  over 
a  wide  range  of  wave-length,  is  of  especial  value  where  the  difference 
to  be  investigated  is  small. 

Mount  Wilson  Solar  Observ.\tory 
December  15,  1913 


SECONDARY  STANDARDS  OF  WAVE-LENGTH,   INTER- 
NATIONAL SYSTEM,  IN  THE  ARC  SPECTRUM  OF 
IRON  ADOPTED  BY  THE  SOLAR  UNION,  1913 
By  H.  K.\YSER,  J.  S.  AME.S,  H.  BUISSON.  F.  PA.SCHEN 

In  continuation  of  the  list  of  international  standards  of 
wave-length  taken  from  the  iron  arc  the  hnes  contained  in  the 
accompanying  list  were  adopted  by  the  International  Union  for 
Co-operation  in  Solar  Research,  held  in  Bonn,  August  i,  1913: 

The  following  other  propositions  of  the  committee  have  been 
adopted  by  the  Union:  as  some  lines  of  the  iron  arc  taken  in  atmos- 
pheric air  are  of  poor  quality,  the  committee  recommends  for  the 
determination  of  tertiary  standards  the  following  conditions  of  the 
arc:  (i)  The  length  of  the  arc  should  be  6  mm.  (2)  For  wave- 
lengths greater  than  4000  A  the  current  should  be  6  amperes,  and 
4  amperes  or  less  for  the  shorter  wave-lengths.  (3)  A  continuous 
current  should  be  used  with  220  volts,  with  iron  rods  7  mm  in 
diameter  as  electrodes.  The  arc  should  be  vertical,  the  positive 
electrode  being  the  upper  one.  (4)  The  middle  part  of  the  arc  in 
its  axis  for  a  length  of  2  mm  should  be  used.  (5)  Only  the  lines 
belonging  to  the  groups  a,  b,  c,  d  of  the  Mount  Wilson  classification 
of  the  iron  lines  should  be  used,  at  least  for  that  part  of  the  spectrum 
for  which  this  classification  exists. 

On  Mount  Wilson  a  slit  perpendicular  to  the  axis  of  the  arc  has 
given  as  good  results  as  a  slit  parallel  to  the  arc. 

When  the  committee  in  its  last  report  recommended  that  labora- 
tories and  observatories  possessing  concave  gratings  of  first  quality 
should  be  invited  to  measure  tertiary  standards  from  the  iron  arc, 
it  was  not  the  intention  to  exclude  the  use  of  plane  gratings.  On  the 
contrary,  the  committee  wishes  to  secure  the  collaboration  of  all 
those  possessing  plane  or  concave  gratings  or  prisms  with  sufficient 
dispersion  and  resolution. 

The  committee  recommends  that  many  more  secondary  stand- 
ards should  be  determined  than  are  given  in  the  published  tables, 
in  order  to  make  the  measurements  by  interpolation  more  easy  and 
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more  exact.     It  would  be  a  great  advantage  to  have  some  hundred 
secondary  standards  instead  of  a  few. 


International 
Standards 

Fabrj'  and 
Buisson 

Pfund          ;          Burns          1      Eversheim 

6750.163 
6678.004 
6592.928 
6546.250 

.164 
.000 
-925 
247 

162 

.004 
.928 
-251 

008 

931 

5709.396 

-396 

-396                     .395 

4233-615 
4191-443 
4147.676 
4134-685 
4118.552 
4076.642 
4021.872 
3977  746 
3935-818 

3907  937 
3906.482 

3865  527 
3850.820 
3843 . 261 

-615 
.441 
.677 
■685 
-552 
.641 
,872 

-745 
.818 
-938 
.481 
•  526 
.820 
.261 
.346 
.615 
-379 
.628 
.312 

-391 
.681 
.879 
.820 
344 
-15s 
-337 
.789 

.615 
445 
-677 

616 

-444 
-674 
68  > 

-551 
.644 
.871 
745 

-552 
.642 
.872 

-747 
818 

-936 

.483 

-528 
820 

.261 
346 
.616 
-380 
.630 

3805.346 
3753-615 
3724-380 
3677.629 

3676  313 
3640.392 
3606.682 
3556.881 
3513-821 
3485-345 
3445  154 
3399-337 
3370- 789 

-347 
.614 

-380 
.630 
-314 
-392 
-683 
.882 

-392 

.883 
.821 
346 
154 
338 
.788 

822 

346 
-154 
-337 
■791 

Nickel-Lines  Taken  between  Rods  of  Nickel 


5892.882 
5857-759 


.760 


757 
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STUDIES  OF  THE  NOCTURNAL  RADIATION  TO  SPACE 

SECOND  PAPER 

By  ANDERS  AnGSTROM 

I.      ILADIATION   TO   DIFFERENT   PARTS   OF   THE    SKY 

In  a  previous  paper'  an  account  was  given  of  some  measure- 
ments showing  the  influence  of  water-vapor  on  atmospheric  radia- 
tion. In  the  historical  survey  of  that  paper,  I  referred  to  the 
important  investigations  of  Homen  and  mentioned  his  measure- 
ments of  the  nocturnal  radiation  to  different  parts  of  the  sky.  As 
Homen's  measurements  afterward  have  been  employed  in  extending 
observations  of  the  radiation  toward  a  hmited  part  of  the  sky  to 
the  whole  sky  and  as  the  question  itself  seems  to  be  of  interest  for 
the  knowledge  of  the  atmospheric  radiation  in  its  dependence  on 
other  conditions,  it  was  found  valuable  to  investigate  in  what 
degree  this  distribution  of  radiation  over  the  sky  is  subjected  to 
variations.  For  this  purpose  the  arrangement  shown  schematically 
in  Fig.  I  seems  to  be  a  natural  one. 

To  the  Angstrom  nocturnal  compensation  instrument  can  be 
attached  a  half-spherical  screen,  abcdef,  whose  radius  is  7 .  i  cm. 
From  this  screen  can  be  removed  a  spherical  cap  cd,  which  leaves 
a  hole  of  32°  solid  angle  open  to  the  sky.  The  screen  is  brightly 
poHshed  on  the  outside,  but  on  the  inside  blackened  in  order  to 
avoid  multiple  reflections. 

The  instrument  with  this  screen  attached  to  it  was  pointed  to 
different  parts  of  the  sky,  and  the  zenith  angle  was  read  on  a 
circular  scale  as  is  shown  in  Fig.  i.  The  value  of  the  radiation 
within  the  soUd  angle  csd  (32°)  was  obtained  in  the  usual  way 
by  determining  the  compensation  current  through  the  black  strip. 

This  arrangement  has  two  obvious  advantages  over  a  bolometer 
arranged  in  a  similar  way.  In  the  first  place  the  instrument  is  very 
steady  and  quite  independent  of  air  currents,  because  both  strips 
here  are  exposed  in  exactly  the  same  way.     The  sensitiveness  of 
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the  instrument  is  further  quite  independent  of  the  position  of  the 
strips,  it  being  possible  to  turn  the  instrument  over  at  different 
angles,  without  change  in  the  sensitiveness.  Everyone  who  is 
familiar  with  bolometric  work  knows  the  difficulty  that  sometimes 
arises  from  the  fact  that  the  sensitiveness  of  the  bolometer  changes 
with  its  position,  the  conductivity  of  heat  from  the  strips  through 
the  air  being  different  for  vertical  and  for  horizontal  positions. 


In  order  to  diminish  the  error  that  may  arise  from  the  fact  that 
different  parts  of  the  strips  radiate  in  somewhat  different  directions 
and  under  slightly  different  solid  angles,  the  instrument  was  always 
turned  over  so  that  the  strips  were  parallel  to  the  earth's  surface. 
In  such  a  case,  we  may  regard  the  above-mentioned  influence  of 
the  dimensions  of  the  strips  as  negligible,  the  strips  being  small 
in  comparison  with  the  radius  of  the  hemispherical  screen. 
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The  results  of  these  measurements  for  three  different  nights 
are  contained  in  Table  I.     In  order  to  obtain  from  these  values  a 
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Fig.  2 


more  detailed  idea  about  the  effective  radiation  to  different  parts 
of  the  sky,  I  proceeded  in  the  following  way.  In  a  system  of 
co-ordinates,  where  the  zenith  angle  is  plotted  along  the  a;-axis, 
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the  magnitude  of  the  radiation  along  the  _v-axis,  every  measure- 
ment with  the  instrument  corresponds  evidently  to  an  integral 
extending  over  32°  and  linuted  by  the  ar-axis  and  a  certain  curve, 
that  is,  the  distribution  curve  of  radiation.  If  the  measurements 
are   plotted   as   rectangular   surfaces,  whose   widths   are   32    and 
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Fig.  3 


whose  heights  are  projiortional  to  the  niagnitudc  of  the  radiation, 
we  shall  obtain  from  the  observations  a  system  of  rectangles  Uke 
those  in  Fig.  2.  A  curve  drawn  so  that  the  integrals  between  the 
limits  corresponding  to  the  sides  of  the  rectangles  are  equal  to 
the  areas  of  these  rectangles  will  evidently  be  a  curve  representing 
the  radiation  as  a  function  of  the  zenith  angle. 
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Fig.  3  shows  these  curves  for  three  different  occasions,  corre- 
sponding to  diiiferent  values  of  the  total  radiation  and  to  a  different 
pressure  of  the  atmospheric  water-vapor. 

If  we  consider  these  curves  in  connection  with  the  corresponding 
water-vapor  pressure,  we  shall  arrive  at  the  following  conclusions: 

1.  An  increase  in  the  water-vapor  pressure  will  cause  a  decrease 
in  the  effective  radiation  to  every  point  of  the  sky. 

2.  This  decrease  is  much  larger  for  large  zenith  angles  than  for 
small  ones. 

I  have  shown  in  my  first  paper  on  this  subject  how  the  total 
effective  radiation  can  be  written  as  a  function  of  the  water-vapor 
pressure  at  the  earth's  surface.  An  increase  in  the  water-vapor 
pressure  produces  a  decrease  in  the  effective  nocturnal  radiation 
according  to  a  logarithmic  law. 

The  observations  described  in  the  present  paper  show  in  what 
way  this  decrease  is  produced.  The  nearer  the  observation 
approaches  the  horizon,  the  more  effectively  is  the  radiation 
influenced  by  the  density  of  the  radiating  atmosphere.  When  the 
zenith  angle  approaches  a  value  of  90°  the  effective  radiation 
approaches  zero  in  a  way  that  indicates  that  the  atmosphere  for 
large  zenith  angles  radiates  almost  like  a  black  body. 

If  we  regard  the  atmosphere  as  a  plane  parallel  layer,  having 
uniform  density,  p,  and  a  temperature  uniformly  equal  to  the 
temperature  of  the  earth's  surface,  the  radiation  of  a  certain  wave- 
length in  different  directions,  may  be  expressed  by 

L^Ce""""^  (i) 

where  C  and  7  are  constants  and  4>  is  the  zenith  angle.     For  another 
density,  p',  of  the  radiating  atmosphere  we  have: 

i;  =  Ce~^^°^  (2) 


and  from  (i)  and  (2) 


.;7=e       tcos«J 


(3) 


If  p  is  bigger  than  p\  Ia  will  always  be  less  than  I\.  It  is  easy 
to  see  from  the  relation  (3)  that  the  ratio  between  Ia  and  1\  dimin- 
ishes as  the  zenith  angle  approaches  90°.     If  we  have  to  deal  with 
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the  total  radiation  of  many  different  wave-lengths,  the  equations 
(i)  and  (2)  must  be  written  as  sums  of  several  terms  differing  from 
another  in  respect  to  the  constants  C  and  y.     The  expression  for 

the  ratio  y;  will  be  more  complicated,  and  it  is  only  under  special 

conditions  that  the  ratio  diminishes  with  an  increase  in  the  zenith 
angle.  The  observations  show  that  these  conditions  are  here 
fulfilled. 

The  curves  in  Fig.  3  represent  the  effective  radiation  within  the 
unit  of  solid  angle  in  different  directions  from  a  surface  perpen- 
dicular to  the  radiated  beam.  From  these  curves  we  can  compute 
the  radiation  from  a  horizontal  surface  like  the  earth's  surface,  to 
the  different  zones  of  the  sky.  We  have  therefore  to  multiply 
TABLE  II 


^           Observer 

>l^ 

0?-22°30' 

22°30-45° 

45°-67°3° 

67°30-90* 

I. 00 
I  .00 
O.Q9 
0,97 

0  93 

O.Q4 

O.Q2 

091 

0.87 
0.86 

0-75 
0.65 

Angstrom     I 

II         

0.60 
0.41 
0.23 

Ill 

every  single  value  of  sin  (f>  •  cos  <^  by  a  constant,  whose  value 
for  the  present  does  not  interest  us.  In  such  a  way  the  curves 
of  Fig.  4  are  obtained.  Fig.  4  includes  a  dotted  curve  whose 
ordinates  are  everj-where  proportional  to  a  constant  multiplied 
by  sin  <p  •  cos  <f>.  From  the  data  of  Fig.  4,  Table  II  is  calculated, 
which  also  gives  a  comparison  between  the  values  here  obtained 
and  the  values  found  by  Homen.  •  In  Table  II  are  given  the 
ratios  between  the  values  governed  by  the  observations  and  the 
values  obtained  from  the  simple  sin-cos  law,  that  is,  for  a  case  where 
a  horizontal  surface  radiates  directly  to  a  non-absorbing  space,  the 
radiation  assumed  to  be  one  for  zenith  angle  0°. 

All  the  observations  just  described  were  made  at  Bassour. 
Algeria,  at  a  height  of  1160  m  above  sea-level.  The  sky  was  clear 
and  appeared  perfectly  uniform. 

II.       THE   DIFFUSE   R.\DI.\TI()N'   FRO.M   TlIE    SKY    DURING    THE    D.WTIME 

In  the  daytime,  the  radiation  exchange  between  the  sky  and 
the  earth  is  complicated  by  the  diffuse  sky  radiation  of  short  wave- 
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length  that  comes  in  addition  to  the  temperature  radiation  of  the 
sky.  If  this  diffuse  radiation  is  stronger  than  the  effective  tem- 
perature radiation  to  the  sky,  a  black  body  like  our  instrument  will 
receive  heat.     In  the  opposite  case  it  will  lose  heat  by  radiation. 

If  one  attempts  to  measure  this  positive  (from  sky  to  earth) 
or  negative  radiation  with  the  Angstrom  nocturnal  compensation 


instrument,  the  sun  being  carefully  screened  off,  such  an  attempt 
meets  with  a  systematic  diiSculty.  The  bright  metal  strip  has 
namely  a  less  reflecting  power  for  the  diffused  radiation  of  short 
wave-length  than  for  the  longer  heat  waves  and  we  can  no  longer 
apply  the  instrumental  constant  k,  which  only  holds  for  long  waves 
such  as  we  have  to  deal  with  in  the  measurements  of  the  nocturnal 
radiation.     The  reflecting  power  of  the  strips  being  about  92  per 
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cent  for  waves  longer  than  2  M,  and  only  about  60  per  cent  for 
waves  of  o .  5  M  length  (a"  mean  value  of  the  wave-length  of  the 
diffused  sky  radiation),  an  application  of  the  constant  k  to  day- 
light measurements,  will  evidently  give  a  value  of  the  sky  radiation 
that  is  about  30-35  per  cent  too  low. 

On  several  occasions  during  the  summer  of  191 2,  I  had  the 
opportunity  to  make  sky-light  measurements  with  the  Angstrom 
instrument  and  with  an  instrument  founded  on  the  same  principle, 
but  modified  for  the  purpose  of  measuring  diffuse  sky  radiation. 
This  latter  instrument  is  briefly  described  by  Abbot  and  Fowle' 
in  their  interesting  paper,  '"Volcanoes  and  Climate,"  where  the 
effect  of  the  diffusing  power  of  the  atmosphere  on  the  climate  is 
fully  discussed.     Both  the  strips  arc  in  this  instrument  blackened. 


T.\BLE  III 

R.ADI.ilTION   OF   THE   SkY 


Sept.  s 

Sept.  6 

Sept  7 

Mean 

— o.i6g 
+0.062 
—0.208 
+0.250 

-0.20s 
+0.092 
—  0.225 
+0.307 

—  0.208 
+0.047 

—  0.220 
+0.261 

-0.194 
+0.067 
—  0  2l8 

Noon 

Total  sky  radiation .... 

+0.273 

Instead  of  being  side  by  side,  the  strips  are  here  placed  one  above 
the  other  beneath  a  thin  horizontal  plate  of  brass.  In  the  use  of 
the  instrument,  a  blackened  screen  was  placed  beneath  it  so  that 
the  lower  strip  was  exchanging  radiation  only  with  this  screen, 
which  subtended  a  hemisphere.  The  upper  strip  was  exchanging 
radiation  with  the  whole  sky.  The  radiation  was  computed  from 
the  current  necessary  to  heat  the  upper  strip  to  the  same  tempera- 
ture as  the  lower  one. 

Even  in  the  use  of  this  instrument  in  its  original  form,  it  is 
difficult  to  avoid  a  systematic  error.  This  error  arises  from  the 
difficulty  of  protecting  the  screen,  with  which  the  lower  strip 
exchanges  radiation,  from  absorbing  a  small  portion  of  the  incoming 
radiation  and  in  this  way  giving  rise  to  a  heating  of  the  lower  strip. 
I  have  reasons,  however,  to  believe  that  the  error  arising  from  this 

■  Smithsonian  Miscellaneous  Collections,  60,  2g,  1913. 
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cause  is  not  larger  than  10  to  15  per  cent.  As  well  in  this  instru- 
ment as  in  the  original  Angstrom  nocturnal  instrument,  the  error, 
when  we  attempt  to  measure  the  sky  radiation  during  the  day, 
is  in  the  direction  to  make  this  radiation  appear  weaker  than  it 
really  is. 

Table  III  gives  some  results  of  the  measurements  with  the  last 
named  instrument.  These  measurements  were  made  by  C.  G. 
Abbot  with  the  author's  assistance  and  are  published  in  the  paper 
"Volcanoes  and  Climate,"  already  referred  to.  With  Mr.  Abbot's 
permission  they  are  published  here  also.  My  measurements  of 
the  nocturnal  radiation  during  preceding  and  following  nights  are 
given  in  the  same  place.  The  total  diffuse  sky  radiation  is  cal- 
culated on  the  assumption  that  the  effective  temperature  radiation 
during  the  daytime  is  a  mean  of  the  morning  and  evening  values 
determined  b}-  the  nocturnal  apparatus.  The  sky  was  perfectly 
uniform  during  the  observations  but  was  overdrawn  by  a  weak 
yellow-tinted  haze,  by  Abbot  ascribed  to  the  eruption  of  Mount 
Katmai  in  Alaska.  The  energy  of  the  direct  solar  beam  at  noon 
was  for  all  three  days  1.24-1.25  cal.  From  Table  IV  may  be 
seen  that,  under  the  conditions  described,  there  was  always  an 
income  of  radiation  from  the  sky,  indicating  that  the  diffuse  radia- 
tion from  the  sky  was  always  stronger  than  the  outgoing  effective 
temperature  radiation. 

The  measurements  with  the  Angstrom  nocturnal  instrument 
on  two  different  occasions  showed  in  one  case  no  appreciable 
radiation  in  any  direction  and  in  the  other  case  a  weak  positive 
radiation  from  the  sky.  If  in  order  to  correct  for  the  reflecting 
power  of  the  strips  for  short  waves  we  multiply  the  correspond- 
ing nocturnal  temperature  radiation  (0.17-0.20)  by  1.5.  we  shall 
obtain  a  result  that  is  in  pretty  close  agreement  with  the  deter- 
minations with  the  modified  instrument. 

The  result  is  different  from  that  obtained  by  Homen.  Homen 
draws  from  his  observations  at  Lojosee  in  Finland  the  conclusion 
that  there  is  an  effective  radiation  from  earth  to  sky  even  in  the 
daytime.  Our  result  is  consistent,  however,  with  Lo  Surdo's 
measurements  at  Neapel  in  1909.  where  he  found  a  positive  incom- 
ing radiation  from  the  sky  in  the  daytime. 
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The  surplus  of  the  scattered  sky  radiation  over  the  effective 
temperature  radiation  to  the  sky,  is,  however,  not  so  great  but 
that  one  may  very  well  imagine  cases  where  the  direction  of  heat 
transfer  may  be  reversed.  Under  conditions  where  the  tempera- 
ture radiation  to  the  sky  is  extraordinarily  large,  that  is,  when  the 
air  is  unusually  dry,  and  at  the  same  time  the  scattering  power  of 
the  atmosphere  is  low,  it  ma}'  very  well  be  possible  that  the  out- 
going temperature  radiation  becomes  the  larger. 

The  measurements  described  were  made  under  conditions  where 
the  temperature  radiation  must  have  been  more  than  usually 
strong,  even  if  the  scattering  power  of  the  atmosphere  at  the  same 
time  was  somewhat  greater  than  one  generally  finds  at  this  place 
and  in  this  climate  (Algeria) .  All  taken  into  account,  I  am  inclined 
to  think  that  the  heat  transfer  in  the  middle  of  the  day  generally 
goes  in  the  direction  from  sky  to  earth  and  that  the  observations 
of  Homen  were  made  under  conditions  that  must  be  regarded  as 
exceptional. 

NOTE    ON    INSTRUMENTS   .-VND    METHOD    OF    OBSERVATION 

The  observations  of  the  nocturnal  radiation,  described  in  this  and  a  pmious 
paper,  were  carried  out  with  two  Angstrom  compensation  instruments  Xo.  17 
and  No.  18,  made  by  G.  Rose,  Upsala.  The  constants  of  these  instruments, 
determined  at  the  Physical  Institute  of  the  University  of  Upsala,  were  respec- 
tively 10.4  and  II.  I.  The  readings  of  the  instruments  were  compared  on 
numerous  occasions.  The  values  of  the  radiation  obtained  with  the  two 
instruments  never  differed  by  more  than  2\  per  cent.  All  the  values  given 
in  the  tables  are  generally  means  of  three  independent  readings.  Special 
altention  was  always  given  to  see  that  the  instrument  was  at  constant  temperature, 
before  the  strips  were  exposed  to  the  sky.  If  the  instrument  is  removed  in  the 
free  air,  it  requires  between  10  and  15  minutes  before  the  state  of  equilibrium 
is  reached. 

The  current  used  for  compensation  of  the  heat  lost  by  radiation  (o.  10- 
0.15  amp.)  was  measured  by  a  Siemens  and  Halske  milliammeter. 

The  water-vapor  pressure  was  computed  from  readings  of  wet  and  dry 
thermometers,  graduated  in  Fahrenheit  degrees  and  made  by  H.  T.  Green, 
Brooklyn  (Slingpsychrometer  15011). 

Cornell  University 
June  1913 
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PRELIMINARY  RESULTS  OF  MEASUREMENTS  OF  THE 

RIGIDITY  OF  THE  EARTH 

By  a.  a.  MICHELSON 

Installation  and  observations  by  H.  G.  Gale  assisted 
by  Harold  Alden.  Calculations  by  W.  L.  Hart 
imder  the  direction  of  F.  R.  Moulton 

Measurements  of  the  temperature  of  the  crust  of  the  earth  as 
found  in  the  deepest  rnines  show  that  it  rises  on  the  average  about 
o.o2°  C.  for  every  meter  below  the  surface;  and  as  the  rate  of  in- 
crease is  even  greater  at  greater  depths  it  follows,  as  Lord  Kehan 
pointed  out,"  that  the  temperature  in  the  interior  must  be  high 
enough  to  melt  the  substances  composing  it,  and  for  a  long  time  it 
was  considered  that  the  vast  bulk  of  the  earth  must  be  in  a  fluid, 
or  at  least  semi-fluid,  condition,  a  conclusion  which  was  strongly 
supported  by  the  fact  of  the  ejection  of  molten  lava  from  volcanoes. 

The  theoretical  investigations  of  Lord  KeKin  in  1863^  indi- 
cated, however,  that  the  earth  must  be  considered  a  very  rigid 
body,  opposing  an  enormous  resistance  to  changes  of  form  such 
as  tend  to  occur  in  consequence  of  the  attractions  of  the  sun  and 
moon.  It  is  evident  from  these  investigations  that  the  old  idea 
(which  is  not  entirely  extinct)  that  we  are  Hving  on  a  thm  rock 
crust  over  an  immense  mass  of  molten  lava  must  be  abandoned. 

'Philosophical  Transactions,  1863.  ^  Ibid. 
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The  first  attempt  to  measure  the  rigidity  of  the  earth,  that  is, 
the  resistance  which  it  offers  to  change  of  shape,  was  made  by 
G.  H.  and  Horace  Darwin  in  1880.'  They  employed  a  horizontal 
pendulum  by  the  use  of  which  they  hoped  to  measure  the  change 
in  the  direction  of  the  gravitational  vertical  due  to  the  attractions 
of  the  sun  and  moon;  from  which,  by  comparison  with  the  values 
calculated  on  the  basis  of  absolute  rigichty,  the  effective  rigidity 
could  be  determined.  The  results  were  so  irregular  and  contradic- 
tory that  no  conclusion  could  be  formed,  and  the  Darwins  express 
the  belief  that  such  experiments  are  not  likely  ever  to  furnish  the 
desired  results. 

In  the  hands  of  Rebeur-Paschwitz  this  method  did,  however, 
give  positive  results  confirming  the  deductions  of  Kehin.  Since 
then  the  method  of  the  horizontal  pendulum  has  been  successfully 
employed  by  Ehlert,  Kortazzi,  Schweydar,  Hecker,  and  Orloff, 
with  essentially  the  same  result,  namely,  that  the  coefficient  of 
rigidity  is  found  to  be  of  the  order  6X  10"  c.g.s.  (about  the  same 
as  that  of  steel).  The  results  deduced  from  Chandler's  observa- 
tions of  the  variation  of  the  latitude  give  a  value  nearly  twice  as 
great. 

But,  in  addition  to  the  elastic  yielding  of  any  body  ordinarily 
looked  upon  as  solid  there  is  a  plastic  >-ielding,  characterized  by  a 
constant  termed  by  Maxwell  the  "modulus  of  relaxation,"  and 
evidenced  by  a  lag  of  the  distortion  of  the  earth  relative  to  the 
forces  producing  it.  Such  experiments  as  these  should  be  capable 
of  determining  the  plasticity  as  well  as  the  rigidity  of  the  earth. 
To  show  what  measure  of  reliability  may  be  accorded  to  the  obser- 
vations mentioned,  the  following  extract.  Table  I,  is  made  of  a 
discussion  of  these  by  Schweydar.^ 

Here  i  — A'  represents  the  ratio  of  the  observed  amphtude  of 
oscillation  to  that  calculated  on  the  assumption  of  absolute  rigidity, 
K  represents  the  retardation  (which  should  always  be  negative) 
of  the  phase  of  the  observed  motion  relative  to  the  phase  of  the 
disturbing  forces. 

■  li.A.A.S.  Reports,  York  meeting,  1880, 

'  Dr.  Wilhelm  Schweydar,  Unlersuchiiiigen  iiher  die  Gezeileii  der  Fesleii  Erde. 
Potsdam,  1912;   Leipzig:   B,  G,  Teubner. 
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The  observations  are  divided  into  two  classes,  the  latter  being 
considerablv  more  reHable  than  the  fonner. 


Exi)erimenter 

K 

V.  Rebeur 

Kortazzi 

0.362 
.608 

+   7°3o' 
0 

" 

.414 
.448 
■338 
.158 

•643 
•565 
■544 
.412 

-  2°54' 
+  12°  i' 

-  8°3i' 
+  8°29' 

-ii?9 

-  o°7 
+I3°4 
+  o?8 

Ehlert 

[  Hecker 

N.-s.    '■    :::::: 

[Orloff 

[■  Hecker 

E.-W.        "       '.'.'.'.'.. 
[Orloff 

•259 

.382 

.468 

0.326 

—   7°o 
+  5-2 

+  20?I 

+  3-2 

While  the  numbers  in  the  second  column  agree  in  showing  that 
the  earth's  rigidity  is  of  the  order  of  that  of  steel,  the  differences 
are  so  considerable  that  it  is  hardly  hkely  that  they  can  be  relied 
upon  to  within  20  per  cent. 

If  accurate,  the  third  column  would  give  a  measure  of  the  plastic 
yielding  of  the  body  of  the  earth  to  the  action  of  the  distorting 
forces  of  the  sim  and  moon.  As  mentioned  before,  these  should 
all  be  negative,  whereas  the  great  preponderance  is  in  the  direction 
of  positive  lag,  which  is  meaningless;  so  that  further  than  showing 
that  the  lag  is  small  (and  therefore  the  viscosity  high)  these  results 
are  practically  valueless. 

It  will  be  conceded  that  there  is  great  need  for  more  accurate 
determinations,  if  our  knowledge  of  the  properties  of  the  matter 
constituting  the  earth's  interior  is  to  be  increased;  and  it  was  in 
the  hope  of  obtaining  results  of  a  higher  order  of  accuracy,  as  well 
as  such  directness  and  simplicity  of  apparatus  as  practically  to 
eliminate  all  the  difficulties  and  uncertainties  which  seem  to  be 
imavoidable  in  the  use  of  the  horizontal  pendulum,  that  the  experi- 
ments recorded  here  were  undertaken. 

The  prime  object  of  the  investigation  is  the  determination  of 
the  direction  of  the  gra\-itational  vertical,  or  rather  of  the  changes 
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to  which  it  is  subject  in  consequence  of  the  attraction  of  the  sun 
and  moon  and  as  modified  by  the  resulting  distortion  of  the  body 
of  the  earth.  But  this  may  be  furnished  with  any  desired  degree 
of  accuracy  by  the  changes  in  the  position  of  the  level  of  a  liquid 
surface  which  is  necessarily  normal  to  the  resultant  of  all  the  forces 
acting.  If  from  these  we  can  eliminate  all  but  the  gra\'itational 
forces  the  problem  is  solved. 


Fig.  I. — Microscope  and  gauge 


A  very  sensitive  method  of  measuring  the  changes  in  level  is 
furnished  bj^  the  interferometer;  and  a  method  of  carrjing  this 
into  practice  was  devised  and  the  apparatus  constructed'  in  1910. 

But  before  attempting  to  utilize  so  delicate  an  appliance  it  was 
deemed  advisable  to  make  these  preliminary-  e.xperiments  with 
the  microscope.  Accordingly  a  6-inch  pipe,  500  feet  long,  was 
half  filled  with  water,^  the  level  of  which  could  be  read  off  through 
the  glass  sides  of  the  end  vessels,  as  shown  in  Fig.  r . 

■  .^n  interference  apparatus  for  this  purpose  was  independently  deWsed  by  Pro- 
fessor A.  G.  Webster. 

'  The  vessels  at  the  ends  were  at  first  connected  by  a  pipe  filled  with  water,  but 
with  this  arrangement  temperature  changes  produced  enormous  disturbances  in  the 
level. 
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This  pipe  was  laid  in  a  trench  six  feet  deep,  terminating  in  two 
pits,  eight  feet  square  and  ten  feet  deep,  walled  with  concrete,  in  a 
soil  of  sandy  clay  on  the  grounds  of  the  Yerkes  Observatory  at 
Williams  Bay,  Wisconsin.  The  direction  (E.-W.)  of  the  pipe  was 
laid  out  by  measuring  from  the  meridian  line  and  is  probably  cor- 
rect to  within  one  foot  in  five  hundred.  The  pipe  was  then  care- 
fully leveled,  and  after  verifying  the  continuity  of  the  water  and 


Fig.  2. — Point  :uid  totally  reflctlcd  imase 


of  the  air  space  above  it,  the  pipe  was  closed  so  that  it  was 
effectively  air-tight,  and  the  trench  was  filled  with  clay. 

The  distance  between  the  total  reflection  image  of  a  pointer, 
Fig.  2,  and  the  direct  image  was  read  by  micrometer  microscopes 
of  about  2-inch  focus.  These  were  calibrated  at  first  rather 
roughly  by  measuring  the  diameter  of  a  wire  immersed  in  the  water 
at  the  focus;  and  subsequently  with  much  greater  accuracy  by 
measuring  the  known  distance  between  two  lines  ruled  on  glass 
and  placed  in  the  focus,  under  water. 

A  preliminary  series  of  observations  was  begtm  August  5  and 
continued  until  September  2  with  such  encouraging  results  that  it 
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was  decided  to  supplement  the  work  by  observing  on  a  X.-S.  line 
which  was  accordingly  laid  out  in  the  same  manner  as  the  E.-W. 
line. 

The  iinal  cahbration  of   the  microscopes  gave   the  following 

results : 

West  17.52  turns  =  i  mm 
East  17 .60  "  =  I  mm 
North  17.00  "  =  I  mm 
South    17.60     "      =  I  mm 

The  mean  for  the  E.-W.  line  is  17.  56,  and  for  the  X.-S.  line.  17.30. 
Accordingly  the  factor  by  which  the  calculated  difference  in  level 
in  mm  should  be  multipUed  to  reduce  to  micrometer  divisions  is 

For  the  E.-W.  line,  285 
For  the  N.-S.  line,  289 

The  factor  actually  used  in  the  computation  was  293,  and  accord- 
ingly these  should  be  diminished  by  2.8  per  cent  for  the  E.-W. 
line,  and  by  1.4  per  cent  for  the  X^'.-S.  line. 

A  continuous  series  of  observations  was  conducted  on  both  lines, 
beginning  September  27'  and  ending  Xovember  29.  The  observa- 
tions were  made  b}'  setting  the  cross-hair  of  the  micrometer  on  the 
pointer  and  taking  a  number  of  readings,  the  mean  of  which  gave 
the  fiducial  reading  to  be  subtracted  from  the  readings  of  the 
refiected  image.  This  difTerence  was  subtracted  from  a  similar 
diflerence  taken  at  the  other  end  of  the  pipe,  and  the  final  differ- 
ences from  hour  to  hour  (plus  a  constant)  gave  the  observed  curves. 
These  readings  were  taken  every  hour  from  6  a.m.  until  midnight, 
and  every  two  hours  from  midnight  until  6  .v.m.  The  order  of  the 
observations  was  usually  south  end,  north  end,  east  end,  west  end. 
The  time  between  readings  at  south  end  and  north  end,  or  between 
east  end  and  west  end,  was  about  four  minutes,  and  the  mean 
between  the  two  was  taken  to  represent  the  time  of  obser\ation. 
The  mean  time  of  the  two  observations  gives  the  same  result  as 
though  the  observations  had  been  simultaneous. 

Occasionally  the  reflected  image  would  be  obscured  by  floating 
particles,  and  in  clearing  these  away  the  value  of  the  constant 
would  be  altered.  The  new  constant  was  accordingly  chosen  so 
that  the  succeeding  observations  continued  with  the  smallest  dis- 
continuitv  in  the  curve. 
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It  was  found  that  there  was  a  gradual  downward  trend  in  the 
E.-W.  curve  during  August,  but  little  or  none  in  the  October- 
November  series.  The  N.-S.  line,  however,  on  which  readings  were 
started  the  day  after  the  pipe  was  covered,  shows  a  considerable 
gradual  drop.  This  was  undoubtedly  caused  by  uneven  settling 
at  the  ends  of  the  pipes.  This  was  too  slow  to  affect  the  result 
for  the  semi-diurnal  period,  but  made  doubtful  the  results  for  the 
fortnightly  period. 

The  observations  and  their  graphs  are  given  in  Tables  III  and 
IV  and  in  Figs.  3  and  4. 

In  Figs.  5  to  12  these  graphs  are  reproduced  on  a  larger  scale, 
together  with  those  of  the  calculated  values  of  the  readings,  multi- 
plied by  the  factor  o.  7  for  the  E.-W.  line  and  o.  5  for  the  N.-S.  line. 
The  zero  Une  of  the  observed  readings  is  corrected  to  coincide  with 
the  calculated  curve. 

These  curves  were  divided  into  periods  corresponding  to  the 
semi-diurnal  limartide,  12.42  hours,  and  the  values  at  correspond- 
ing intervals  of  two  hours  tabulated  and  divided  into  groups  of 
ten  periods  each. 

The  results  of  the  comparison  of  the  observed  and  calculated 
curves  is  given  in  Table  II,  in  which  the  first  column  gives  the 
ratio  of  the  observed  amplitudes  to  the  calculated,  on  the  assump- 
tion of  an  absolutely  rigid  earth,  and  the  second  the  retardation 
of  phase  in  hours. 

TABLE  II 


Ratio  of  Amplitudes 

Retardation  in  Phase 

E.-W. 

N.-S. 

E.-W. 

N.-S. 

0.69 

0.  50 

—  6^0$ 

-0^06 

79 

54 

+ 

3° 

+ 

30 

65 

.i3 

— 

14 

08 

71 

50 

— 

01 

03 

82 

53 

— 

08 

+ 

12 

64 

5^ 

— 

14 

— 

20 

66 

50 

— 

08 

00 

70 

50 

— 

03 

00 

70 

50 

— 

12 

— 

06 

74 

50 

— 

16 

— 

02 

70 

48 

— 

12 

-1- 

08 

0 

71 

0 

52 

—  0 

08 

-1-0 

04 

Mean  =  o  709  X  i  028 

0.  510X1 .014 

-0.059 

-1-0.0075 
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Fig.  s. — E.-W.     Dotted  curve,  observed  values;  full  iiirvo.  o  ;  of  calculaleJ 
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Fig.  6. — E.-W.     Dotted  curve,  observed  values ;  full  curve,  o .  7  oi  calculated 
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Fig.  7. — E.-W.    Dotted  curve,  observed  values;  full  cur\'e,  0.7  of  calculated 
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Fig.  8. — E.-W.     Dotted  curve,  observed  values;  full  cun-e,  o.  7  of  calculated 


ii8 


A.  A.  MICHELSON 


Fig.  9. — N.-S.     Dotted  curve,  observed  values;  full  curve,  0.5  of  calculated 
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Fig.  10. — X.-S.     Dotted  curve,  observed  values;  full  curve,  0.5  of  calculated 
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Fig.  II. — X.-S.     ])oUcd  cune,  obsenx-d  v;ilues;  full  curve,  0.5  of  calculated 
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Fig.  12. — X.-S.     Dotted  curve,  observed  values;  full  curve,  0.5  of  calculated 
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The  resulting  mean  of  all  observations,  for  this  method  of 
grouping,  is  that  the  observed  amplitude  of  the  oscillation  for  the 
E.-W.  line  is  o.  709  of  that  calculated  on  the  assumption  of  absolute 
rigidity;  while  for  the  N.-S.  line  it  is  0.510.  The  acceleration  of 
phase  of  the  observed  oscillations  relative  to  the  calculated  is  +0^059 
for  the  E.-W.  line  and  —  ©''007  for  the  N.-S.  line.  The  graphs  of 
the  final  means  of  all  the  observations  and  the  calculated  values 
are  reproduced  in  Figs.  13  and  14. 

The  curves  correspond  very  closely  with  the  following  formulae : 


E.-W.    y= 

—a  sin 

T 

{t-r)+b 

N.-S.    y  = 

—a 

cos 

2n 

T 

(.t-r)+b 

with  the  following  values  for  the  constants: 

Calculated  X  0.7 

E. 

-W. 

Observed 

0  =  20.56 

a  =  20. 30 

T=    0.99 

T=  0.8S 

b=  0.33 

b=  0.30 

Calculated  X  0.5 

N 

-S. 

Observed 

a=i3.i8 

a=i3.6o 

T=     0.99 

T=    0.97 

h=  0.16 

b=  0.13 

Accordingly  the  ratio  of  the  observed  to  the  calculated  ampli- 
tude for  E.-W.  is  0.691,  and  for  N.-S.  is  0.516,  while  the  phase 
accelerations  are  0^1 1  and  0^02  respectively. 

These  last  results  are  slightly  different  from  the  preceding. 
The  preference  is  for  the  latter  as  regards  amplitude  ratios,  but 
these  give  relativel}'  too  much  weight  to  the  large  oscillations  in 
deducing  the  phase-difference,  and  for  these  the  former  results  are 
preferred. 

Multiplying  the  second  set  of  values  obtained  for  the  amplitude 
ratios  by  the  factors  given  above,  1.028  for  E.-W.  and  1.014  for 
N.-S.,  the  final  results  are: 

Amplitude  Ratio  Phase  Acceleration 

E.-W 0.710      E.-W +0.059  hour 

N.  S 0.523      N.-S -0.007  hour 
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Fig.  13. — Mean  of  all  observations,  semi-diurnal  Lunar  tide.     Dotted  curve, 
observed  values;  full  curve,  0.7  of  calculated. 
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Fig.  14.— Mean  of  all  observations,  semi-diurnal  Lunar  tide.    Dotted  curve, 
obser\"ed  values;  full  curs-e,  0.5  of  calculated. 
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It  is  estimated  that  the  errors  in  the  amphtude  ratios  are  under 
I  per  cent.  The  phase  acceleration  is  probably  correct  to  within 
0^03,  but  is  so  small  as  to  leave  some  doubt  as  to  whether  or  not 
it  is  real. 

The  disagreement  between  the  E.-W.  and  X.-S.  directions  has 
been  interpreted  by  Hecker,  who  found  a  similar  difference,  as 
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Fig.  15. — -E.-W.     Mean  of  observations  of  diurnal  Lunar  tide 
observed  values;  full  cur\c,  0.7  of  calculated. 


Dotted  curve, 


indicating  an  actual  difference  in  the  earth's  rigidity  in  the  E.-W. 
and  N.-S.  directions. 

Schweydar  agrees  with  A.  E.  H.  Love  in  attributing  the  differ- 
ence to  the  effect  of  ocean  tides,  and  shows  on  the  assumption  of  an 
ocean  covering  the  earth  uniformly  to  a  depth  of  5000  meters  that 
the  tides  have  the  effect  of  increasing  the  elastic  earth  tides,  so  that 
the  ratio  of  the  observed  amplitudes  to  the  theoretical  is  diminished 
by  something  like  40  per  cent. 

The  mean  values  of  the  ratio  adopted  by  Schweydar  are  0.61 
for  E.-W.  and  0.46  for  X.-S.,  which  should  therefore  be  increased 
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to  0.85  and  0.64  respectively.  A  similar  correction  applied  to  the 
results  of  these  experiments  would  give,  instead  of  0.71  and  0.52, 
the  values  0.99  and  o.  73.  The  E.-W.  value  would  mean  that  the 
earth's  rigidity  is  practically  infinite,  and  it  is  undoubtedly  too  high. 
The  ocean  is,  however,  anything  but  uniform  in  depth,  and 
this  and  the  irregularities  in  coast  lines,  make  an  accurate  calcu- 
lation of  the  disturbing  effect  of  the  ocean  tides  almost  impossible. 
Accordingly  Schweydar,  considering  that  the  results  furnished  by 
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Fig.  i6.- — ^N.-S.  Mean  of  observations  of  diurnal  Lunar  tide.  Dotted  curv'e, 
observed  values;  full  curve,  0.5  of  calculated. 

the  consideration  of  the  semi-diurnal  tides  is  not  rehable,  investi- 
gated the  problem  of  the  diurnal  period,  especially  that  corre- 
sponchng  to  the  "declination  tide"  whose  period  is  25''8i2.  The 
dynamical  theory  shows  that  for  an  ocean  entirely  covering  the 
earth,  such  tides  should  vanish;  a  result  which  is  approximatelj' 
true,  at  least  for  the  Atlantic. 

This  analysis  applied  to  Hecker's  observations  gives  0.85,  as 
the  value  of  the  ratio,  which,  it  will  be  noticed,  agrees  with  the 
value  for  the  semi-diurnal  period  when  corrected  for  the  calculated 
perturbation  of  the  ocean  tides. 

The  result  of  grouping  the  present  observations  into  six  groups 
of  two  periods  each  (of  25'>8i)  is  reproduced  in  the  graphs  of  Figs. 
15  and  16. 

These  were  analyzed  by  means  of  the  harmonic  anal}zer,  and 
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gave  the  following  results,  in  which  R  is  the  ratio  of  the  observed 
amplitude  to  the  calculated,  and  </>  the  phase  acceleration: 

R  * 

E.-W 0.72  —0.4  hour. 

K.-S 0.66  +1.0    ■' 

It  appears  therefore  that  the  diurnal  period  gives  for  the  ampli- 
tude ratios  numbers  which  are  decidedly  in  better  agreement  than 
those  furnished  by  the  semi-diurnal  period. 

It  is  to  be  noted  that  while  the  agreement  between  the  E.-W. 
and  the  N.-S.  results  is  considerably  improved,  the  value  of  R  for 
the  E.-W.  direction  has  not  been  altered,  whereas  according  to 
Schweydar's  investigation  it  should  have  been  much  larger  (0.90 
or  more).  It  may  be,  however,  that  first,  in  consequence  of  the 
smaller  number  of  periods  entering  the  calculation,  and  secondly, 
on  account  of  the  smaller  value  of  the  resulting  amplitude  (41 :  100), 
these  numbers  have  a  considerably  larger  probable  error  than  that 
of  the  semi-diurnal  period. 

Possibly  a  closer  analysis  of  the  actual  ocean  tides  would  show 
that  the  effect  is  small  for  the  E.-W.  direction,  while  in  the  X.-S. 
direction  it  may  be  considerable. 

Regarding  the  acceleration  of  phase,  it  may  be  noted  that  the 
difference  between  the  E.-W.  and  the  N.-S.  direction  is  much 
greater  for  the  diurnal  period  than  for  the  semi-diurnal,  whereas, 
if  the  results  of  the  latter  were  seriously  affected  by  the  ocean  tides, 
the  reverse  should  hold.  The  mean  of  the  semi-diurnal  accelera- 
tions is  0^03,  a  quantity  so  small  that  it  is  within  the  probable  error. 
Taking  this  value  together  with  o .  70  as  the  ratio  of  the  observed  to 
the  calculated  amplitudes,  the  corresponding  values  of  the  earth's 
rigidity  n  and  viscosity  e  are: 

«=  8.6X10"  c.g.s. 
€  =  lo.gXio"*  c.g.s. 

This  calculation  is  based  on  the  assumption  of  unifonn  rigidity 
throughout  the  body  of  the  earth,  a  condition  which  is  certainly 
not  fulfilled;  and  that  as  the  time  increases  in  arithmetical  progres- 
sion the  stresses  diminish  in  geometrical  progression.  It  is  clear, 
however,  that  the  earth's  rigidity  is  greater  than  that  of  steel.     If  the 
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ocean  tides  have  the  effect  of  diminishing  the  ratio  R  by  from  §  to 
■5,  as  admitted  by  Schweydar,  the  rigidity  is  enormously  greater. 

The  viscosity  is  also  very  great  and  probably  of  the  same  order 
of  magnitude  as  that  of  steel. 

The  main  object  of  this  investigation  was  to  demonstrate  the 
feasibility  of  the  method  and  to  determine  the  order  of  magnitude 
of  the  earth's  rigidity  and  viscosity.  Evidently  the  method  is 
capable  of  giving  results  of  a  high  order  of  accuracy  by  recording 
a  much  longer  series  of  observations.  Such  a  series,  in  which  the 
microscope  will  be  replaced  by  the  interferometer  and  in  which 
the  record  is  to  be  made  automatic,  is  now  in  preparation.  It  is 
expected  that  the  results  will  furnish  a  record  of  the  earth  tides 
which  will  be  correct  to  within  a  tenth  of  i  per  cent. 

Whether  it  may  thereby  be  possible  to  obtain  a  more  accurate 
value  of  the  coefficients  of  rigidity  and  of  viscosity  will  depend  on 
the  advance  which  may  be  made  in  the  theory  of  the  ocean  tides 
and  of  their  perturbing  action.  Doubtless  it  would  be  of  impor- 
tance to  repeat  the  experiments  at  widely  different  stations,  some  in 
the  southern  hemisphere,  some  on  islands  in  mid-ocean,  and  some 
on  the  continent  as  far  as  possible  from  the  coast. 

It  may  also  be  possible  by  a  comparison  of  the  moon  and  the 
sun  tides  to  obtain  an  independent  and  perhaps  more  accurate 
value  of  the  moon's  mass.' 

The  conclusions  from  these  and  similar  experiments  and  obser- 
vations, including  precession  and  variation  of  latitude,  all  agree 
substantially  in  refuting  the  old  notion  that  the  internal  tempera- 
ture, sufficiently  high  to  melt  most  of  the  materials  constituting 
the  earth's  crust,  necessarily  involves  a  fluid  or  semi-fluid  earth 
supporting  a  relatively  thin  solid  crust. 

From  the  definitely  ascertained  result  that  the  coefficient  of 
rigidity  and  the  coefficient  of  viscosity  are  both  very  large  (of  the 
order  of,  and  perhaps  exceeding,  those  of  solid  steel,  whereas  under 
normal  pressure  all  substances  at  this  temperature  would  be  fluid) , 
it  follows  that  pressure  increases  the  rigidity  and  the  viscosity, 
at  least  of  the  substances  which  form  the  body  of  the  earth. 

'  It  would  probably  be  necessary  to  make  use  of  a  tunnel  sufficiently  deep  to 
eliminate  the  thermal  effect,  which  even  in  the  semi-diurnal  period  would  be  appre- 
ciable. 
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It  would  be  interesting  to  confirm  this  important  conclusion, 
even  qualitatively,  by  experiments  on  the  effect  of  such  relatively 
small  pressures  as  we  are  able  to  obtain  in  the  laboratory. 

Such  experiments  are  now  in  progress;  and  while  the  highest 
pressures  obtainable  are  a  thousand  times  smaller  than  the  pressure 
in  the  interior  of  the  earth,  it  may  be  stated  that  there  are  distinct 
indications  of  an  increase  in  the  coefficient  of  rigidity,  and  a  marked 
increase  in  the  coefficient  of  viscosity  of  the  few  materials  thus  far 
investigated. 

I  would  take  this  opportunity  of  expressing  my  appreciation  of 
the  interest  taken  in  this  work  by  Professor  T.  C.  ChamberHn,  at 
whose  instigation  the  investigation  was  undertaken,  and  of  tender- 
ing thanks  to  him  and  to  President  H.  P.  Judson  for  their  efforts 
in  securing  the  necessary-  funds.  I  would  also  gratefuDy  acknowl- 
edge the  friendly  co-operation  of  Professor  Frost  and  the  members 
of  the  staff  o"  the  Yerkes  Obser\'atory. 
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TABLE   III  io(E.-W.+C.) 


A.M.  September  27 

A.M.  September  30 

P.M.  October  2 

A.M.  October  s 

A.M.  October  8 

C  =  +  i.30 

12:12    — 

0.6 

4:10    —    1.3 

11:32    ±   0.0 

6:29   +   0.7 

2;i2    — 

3.6 

5:08    —    I.o 

1:02   +  0 

9 

7 :  03   +  0.2 

8:16  +   1.6 

3:12   - 

41 

6:08   +   0.7 

2:46   +    I 

0 

8:08   —   0.9 

9:11   +  0 

7 

4:14   - 

2.8 

7:14  +    1.8 

4:04  +    I 

I 

9:06   —    1.0 

10:12   —  0 

8 

5:12   - 

1-3 

8:11   +  3-4 

5:17   +   0 

9 

10:22   —    1.5 

11:16   —    2 

4 

6:18  + 

0.6 

9:09  +  3.9 

6:07   +    I 

2 

11:14  —   0.8 

11:56   —   2 

7 

7:18  + 

2.3 

10:31   +  4.2 

8:08   +    I 

9 

12:14   -   0,5 

1:10  —   3 

3 

8:20  + 

31 

11:3°  +  30 

9:22   +    2 

9 

1:08   —  03 

2:10  —   3 

2 

9:56  + 

30 

12:30  +   2.0 

10:27   +  3 

9 

2:08  +  0.4 

3:1s   -   2 

I 

II. 02  + 

1-5 

2:02   —    1.2 

12:06  +  4 

4 

3:10  +  0.8 

4:06  —  0 

I 

12:04  — 

0.3 

3:18   -   2.6 

2:24  +  3 

6 

4:06  +   1.7 

5:14  +  0 

6 

1:12   — 

2.3 

4:14  -  36 

4:11   +   2 

I 

5:09  +   2.1 

5:48  +   I 

8 

2:20  — 

3-1 

6:40   -   3  3 

6:31    ±   0 

0 

5:53   +   2.2 

7:08  +   2 

S 

3:20   - 

30 

7:58   -   1.8 

8:34   -    I 

I 

7:05   +   2.7 

8:16+2 

5 

4:14   - 

2.2 

9:10   =>=   0.0 

9:18   —   0 

8 

8:06  +   1.7 

9:19  +   I 
10:26   —   0 

2 
4 

5:10  - 

5:52   + 

0.8 
0.8 

10: 20  +   1.0 
11:10  +   1.5 

C=    +3.00 

9:22   +    I.I 
10:35   +   I.I 

ii:i2   —   I 

8 

7:11   + 

3-4 

12:06  +   2.2 

10:18   —   0.7 

12:23   +  0-8 

12:14  —   2 

8 

7:53   + 

4-2 

1:18  +   1.8 

11:22   —   0 

I 

1:54  +   17 

a. 04  —  2 

9 

10:32   + 

3-3 

2:14  +   I.I 

12:15   +  0 

3 

4:19  +   2.4 

4:04  -  0 

8 

1:46   — 

30 

3:14  +  0.2 

1:23   +  0 

9 

6:10  +   2.5 

6:09  +  2 

8 

3:31   - 

3  9 

4:15    -   0.2 

2:16  +   I 

2 

7:10  +   1.9 

9:30  +  I 

8 

4:21    - 

3-7 

5:06   —   0.2 

3:18  +   I 

6 

8:02   +   1.2 

10:26  +  0 

4 

5:28  - 

2.6 

5:45   +  0.2 

4:24  +   I 

7 

9: 12   +0.1 

11:15  -   I 

I 

6:30  — 

0.8 

7:09   +   1.7 

5:02   +   I 

7 

10:06   —   0.5 

12:22   —  3 

0 

8:39  + 

2.4 

8:22   +  3.1 

5:54  +   I 

9 

11:12   —   0.9 

1:17   —  4 

I 

9:48  + 

2.7 

9:48  +  4.2 

7:04  +   I 

5 

12:08   —   0.7 

2:40  -  3 

7 

11; 12   + 

2.8 

11:14  +  4.4 

8:24  +   2 

I 

1:08   —   0.3 

3:33   -   2 

4 

11:59  + 

IS 

12:06  +  35 

9:18  +   2 

5 

2:15   +  0.7 

4:12   -   I 

8 

1:38   - 

0.9 

2:38  +  0.8 

10:14  +   2 

S 

3:06  +  0.7 

5:04  +  0 

I 

3:20   - 

1.8 

5:42  -   2.1 

11: 10  +   2 

7 

4:16    +    2.P 

6:12  +  2 

I 

4: 10  — 

1-7 

8:02  —   1.6 

12:05  +  3 

I 

5:14  +   2.8 

7:08  +  2 

3 

5:13   - 

0.6 

9:09  —  0.6 

2:07  +  3 

I 

5:54    +    2.9 

8:06  +  3 

0 

5:51   + 

05 

10: 10  +  0.8 

4:18  +  2 

I 

7:00  +   2.8 

9:08  +  3 

0 

7:17   + 

31 

11:19  +  1-5 

6:19  +  b 

6 

8:10  +  2.4 

10:20  +   I 

0 

8:05  + 

4-3 

12:16  +  2.5 

7:10  —  0 

2 

9:22  +  1.5 

11:28  —   I 

4 

9:22   + 

5  0 

1:22  +  2.2 

8:22   —  0 

8 

10:06  +  1.0 

12:20  —   2 
2:11   -  3 

S 
6 

C=    -1 

.32 

2:08  +  1.2 
3:23  +  0.4 

9:12  -   I 
10:16  —   I 

2 
0 

11:12  +  0.3 
12:22  +  0.3 

4:18  —   I 

2 

10:12   + 

4-7 

4:10  +  0.8? 

11:14  —   I 

I 

2:10  +  0.8 

8:20  +  3 

8 

11:14  + 

3 

2 

5:01  +  0.3 

12:01   —   I 

I 

4:2s  +  2.5 

9:14  +  3 

3 

12:10  + 

I 

2 

5:58  +  0.7 

I : 04   —   0 

6 

6:16  +  3.3 

10:08  +  3 

I 

2:i<3   — 

2 

4 

7:16  +  2.2 

2:08  +  0 

3 

7:20  +  3.1 

11:18  —  0 

2 

4:16   — 

4 

6 

8:02  +  2.5 

3:06  +  0 

9 

8:13  +  2.0 

11:58  -   I 

2 

6:28   - 

3 

4 

9:06  +  35 

4:10  +   I 

2 

9:08  +   1.3 

1:19  -  3 

0 

7:15   - 

I 

8 

10: 16  +  4.6 

5:08  +   I 

7 

10:08  +  0.5 

2:06  —  3 

3 

8:22   - 

I 

4 

11:08  +  4.7 

6:02   +   I 

8 

11:10  —  0.7 

3:10  -  3 

0 

9:10  + 

0 

6 

12:12  +  4.4 

7:17  +   I 

S 

11:58  —   1.4 

4:20  —  I 

2 

10:05  + 

I 

5 

2:09  +  2.4 

8:08  +   I 

4 

1:10  —  0.8 

5:21  +  0 

8 

11:12  + 

I 

6 

4:20  +  0.3 

9:05   +   I 

3 

2:10  —  0.5 

6:49  +  2 

9 

12:00  + 

I 

I 

6:39  -   I.I 

10:12  +   I 

8 

3:12  +  0.4 

8:32   +  4 

4 

1:08  + 

0 

4 

7:40  -   1.2 

ii:ii   +   I 

7 

4:10  +  1.3 

9:50  +  3 

S 

2:21    — 

I 

0 

9:10  —  05 

12:05   +   I 

7 

5:12  +  2.3 

11:15   +   I 

2 

3:09   - 

I 

4 

10:33   ±  0.0 

2:16  +   I 

9 

5:59  +  2.8 

13° 


A.  A.  MICHELSON 
TABLE  III— Continued 


P.M.  October  lo 

P.M.  October  13 

A.M.  October  t6 

P.M.  October  18 

P.M.  October  21 

6.S3  + 

2.9 

1:18    - 

2.9 

6:00 

- 

41 

6:51    -    2.4 

2:12    —   6.7 

8:io  + 

2.2 

2:24   - 

2.9 

7:13 

— 

2.4 

8:30   —   0.9 

3:20   -   6.4 

9:18  + 

1.4 

3:27    - 

1-9 

8:02 

— 

14 

9:52    -    0.2 

4:10   —   6.3 

10:14  + 

0-3 

4:14    - 

1 .0 

9:06 

— 

0.7 

1 1 : 00  —  0.7 

5:04   -   6.4 

11:14  — 

0.8 

5:11    + 

0.  2 

10: 10 

— 

1 .0 

1 2 ;  00  —    1.7 

6:00   —   6.0 

13:34  - 

I .  I 

5:59   + 

1-3 

ii:o6 

— 

1.8 

2:05   -   5  3 

7:00   -    5.9 

1:50  - 

I .  I 

6:52    + 

2.2 

12:06 

— 

2-5 

4:06   -    7.9 

8:02    -   5.8 

4:11   + 

0.  2 

8:17   + 

2-5 

1:14 

— 

4.0 

6:11   -   8.0 

9:26    -   5.1 

6:12   + 

1-7 

9:16   + 

1.9 

2:  12 

— 

4-3 

7:16   -   7:3 

10:16   —   4.7 

7:12  + 

2.0 

10:12   + 

0.7 

3:12 

— 

41 

8:03   -   6.2 

11:10   —   4.2 

8:18  + 

1-3 

11: 10   — 

1.0 

4:14 

— 

3-6 

9:09   -   S-5 

12:05    —   4.2 

9:08   =t 

0.0 

12:07    — 

2.5 

5:18 

— 

2.6 

10:08   —   4.1 

1:08   —   3.9 

10:18   — 

I.O 

2:13    - 

4-2 

6:52 

— 

0.3 

11:03   —   4.0 

2:00   -   4.4 

11:14  — 

2.  2 

4:  i6  — 

3-4 

8:14 

+ 

0.9 

2:03   -   4.3 

4:11   -  5  5 

12:02   — 

2.6 

6:14  — 

05 

0:09 

+ 

I.I 

3:02   -   4.7 

6: 14  —   7.6 

i:  10   — 

2.8 

7:09  + 

0.8 

10:09 

+ 

0.9 

4:04  -   5.2 

7:12   -  8.6 

2:04  - 

2.8 

8:21   + 

13 

11:09 

— 

0.6 

5:04  -   5.2 

8:13  —  9.0 

3:18   - 

1-9 

9:20  + 

0.9 

12:12 

— 

2-3 

6:12   -   4.9 

9:14  -  9.1 

4:06   — 

0.7 

10: 10  + 

0.4 

2:14 

— 

5^4 

7:58   -   31 

10:10  —  8.6 

5:01   + 

0.4 

11:04  — 

0.8 

4:26 

— 

6.6 

9:15   -    1.9 

11:08  -  8.5 

5:51   + 

13 

12:01   — 

2. 1 

6:06 

— 

5-0 

10:08   —    1.8 

12:00  —  7.8 

6:56  + 

1.8 

I  :o6   — 

2.7 

7:14 

— 

3  4 

11:02   —    1.8 

1:09  -  7.2 

8:11   + 

1.6 

2:17   - 

33 

8:10 

— 

2-5 

12:06   —    2.7 

2:11  —  6.6 

9:26  + 

0.4 

3:09   - 

2.3 

9:04 

— 

1-7 

2:10   —   5.0 

3:05  -  6.3 

10:15   — 

0.7 

4:08   - 

I    7 

10:00 

— 

1.6 

4:12   -   7.9 

4:04  —  6.2 

11: 10   — 

2. 1 

5:02   - 

0.6 

II  :o5 

— 

2.0 

6:55   -   8.9 

5:07  -  6.1 

12:11    — 

31 

5:41   + 

03 

12:00 

— 

2.8 

8:12   -   8.0 

6:44  -  6.3 

2:12    — 

3-3 

7:03   + 

2.0 

1:08 

— 

35 

9:10  -    7.4 

8:01  -  6.3 

4:05   - 

1-5 

8:06  + 

2.7 

i:S4 

— 

41 

10:16   —   6.5 

9:03  -  6.5 

6;io  + 

0.7 

9:05   + 

2.4 

3:20 

— 

4  9 

11:10  —   6.3 

10:08  —  6.3 

7:40  + 

I .  I 

io:o6  + 

0.9 

4: 10 

— 

4-4 

12:02   —   6.0 

12:09  -  5  3 

8:46  + 

0.6 

11:02   — 

0-5 

5:10 

— 

3-5 

1:07   -   6.5 

1:56  -  4.9 

9:46   - 

1.0 

12:05   — 

2.6 

5:49 

— 

2.7 

2:08  -  6.8 

4:08  -  4.9 

10:52   — 

13 

3-31    - 

5-2 

7:14 

— 

0.9 

3:17  -   7-1 

6:06  —  6.5 

11:53   - 

2-3 

5:10   - 

4  5 

8:10 

+ 

0.2 

4:07  -   7.1 

7:21   -   7-9 

12:51    — 

2.8 

6:39   - 

13 

9:08 

+ 

0.7 

5:06  -   7.3 

8:34  -  8.7 

2: 10   — 

2.8 

8:18   =fc 

0.0 

10:23 

+ 

03 

5:53   -   7.0 

9:26  —  9.1 

2:52   - 

2-3 

9:11   + 

0.2 

11:20 

— 

0.6 

6:58  -  6.6 

io:i6  -  8.8 

4:01    — 

1 .0 

10:12   — 

0.  2 

12:20 

— 

2.6 

8:08  -  6.1 

1 1 :  09  —  8.4 

5:06  + 

0.  2 

11:05   — 

0.8 

2:06 

— 

5-3 

9:16  -  4.7 

11:56  -   7.8 

6:21   + 

1.8 

12:04  — 

1.8 

5:00 

— 

7.6 

10:20  —  4.6 

1:07  -  7.0 

8:12  + 

2.0 

1:08  - 

2.7 

5:58 

— 

7-2 

11:16  —  4.1 

2:07  —  6.2 

9:22   -1- 

0.9 

2:03   - 

3-3 

7:06 

— 

6.1 

12:09  -  4  3 

3:26  -  5.7 

10:06   — 

0.2 

3:15   - 

3-3 

8:05 

— 

50 

2:13  -  5-8 

4:12   -  S-3 

11:17   - 

2.0 

4: 10  — 

2-5 

9:08 

— 

3-7 

4:23  -   7-8 

5:00  -   S-2 

12:14   — 

3-4 

5:08   - 

13 

10:06 

— 

2.9 

6:28  -  9.8 

5:46  -  51 

1:58   - 

41 

5:49   - 

0-5 

11:10 

— 

2.8 

7:56  -10. 0 

7:00  -  5.6 

4:26  - 

2.3 

7:37   + 

1.8 

12:02 

— 

2.8 

9:02  —10. 1 

8:00  —  6.1 

6:59  + 

0.9 

8:48  + 

2.  r 

1:18 

— 

3-4 

10:12  —  9.8 

9:16  —  6.7 

8:14  + 
9:11   + 

1-4 
I.I 

10: 12   + 
11:16   — 

1 . 2 
0.6 

2:1s 
3:11 

_ 

4-4 
4.0 

C=   +1.30 

10:18  —  6.8 
11:07  —  6.8 

10:13  + 

0.3 

12:03   - 

2.2 

4:04 

— 

44 

11:21   —  8.7 

12:24  —  6.3 

11:10  — 

i.i 

2:06   — 

S-4 

4:58 

— 

41 

12:04  —   7-6 

2:03  -  s-3 

12:10  — 

1.8 

4:16   - 

6.0 

5:48 

~ 

3-7 

1:08  —   7.1 

4:19  -  4.1 
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A.M.  October  34 

P.M.  October  26 

A.M.  October  29 

A.M.  November  i 

P.M.  November  3 

6:06   —   5.3 

6:29    -    2.8 

9:10   —    4.2 

12 

42  -  Si 

2:11    —   4.2 

7:07   -   6.2 

8:05   -   3- 

6 

10:08    —    5.0 

2 

20  -  8 

3 

3:15    -   4 

3 

8:11    -    7- 

3 

9:17  -  S- 

I 

11:12    —    6.0 

4 

12-9 

9 

4:10   -   3 

8 

9:08   -   8 

2 

10:16  —  6. 

9 

12:08   —    6.9 

6 

06  —  9 

3 

5:12    -   3 

7 

10:05   —   9 

I 

12:11   —  9. 

6 

1 : 10  —  8.x 

7 

12-8 

8 

5:50  -   3 

8 

11:04  —   9 

3 

2:02  —  9. 

8 

2:14  —  8.0 

C  =  — 2.64 

6:52  -  3 

6 

li:SS   -   8 

6 

4:10—7 

2 

3:18  -   75 

8:16  -   2 

3 

1:09   —   7 

9 

6:00  —  4 

5 

4:13  -  6.2 

S:o8  -   7.3 

9:19  -   1 

7 

a:  10  —  6 

S 

7:20  -  4 

2 

5:08  -  4.7 

9:04  -  5 

6 

10:20  —  0 

9 

3:04  -  5 

6 

8:16  -  4. 

4 

Sol   -  3.5 

10:15   -  5 

0 

11:14  —  0 

7 

4:08  -  4 

S 

9:21   -  5 

4 

6:58  -   1.8 

11: 16  —  4 

6 

12:10  —  0 

4 

5:05  -  4 

1 

10:15   ~   6 

4 

8:08  -   1.2 

12:02  —  4 

8 

2:17  -   1 

5 

5:56  -  3 

8 

11:07   -   7 

6 

9:24  -   1-5 

1:06  —  5 

0 

C  =  -i.84 

6:56  -  4 

4 

12:02   —  8 

6 

10:21   —   2.9 

2:09  -  5 

9 

8:12  -  s 

1 

1:00  —  9 

0 

ii:i6  —  5.0 

3:1s  -  6 

I 

4:16   —   2.9 

9:04  —  6 

0 

2:16   -   8 

4 

12:14  —  6.9 

4:16  —  6 

3 

6:17   -   4 

6 

10:10  —  6 

9 

3:ii   -   7 

I 

2:15  -10.7 

5:20  —  6 

0 

7:19  -  S 

3 

11:16  —   7 

5 

4:16   -   5 

5 

4:16  —10.8 

5:53  -  5 

3 

8:18  -  s 

1 

12:23   -   7 

5:14  -  3 

5 

6:14  -  8.2 

6:54  -  4 

I 

9:11   -  4 

9 

2:06  —  6 

2 

5:52  -   2 

6 

7:14  -   70 

8:12  —  2 

4 

10:13   -   4 

9 

4:16-4 

2 

6:49  -   2 

0 

9:16  -  5.4 

9:14  -   1 

3 

11:16   —   4 

I 

6:16  -  3 

S 

8:15  —   2 

0 

12:09  —  7.0 

10:17  —   1 

0 

12:04   -    4 

1 

7:13  -  4 

4 

9:09  -  3 

3 

i:c8  -  8.0 

11:21   —   I 

3 

1:11    -    3 

4 

8:10  -  5 

S 

10:08  —  4 

9 

2:05  -  8.7 

12:36  —   2 

6 

2:16    -   3 

0 

9:25  -  6 

7 

ri:i2   —   7 

3 

3:16  -  8.3 

2:19  -  5 

1 

3:17    -    2 

7 

10:22  —  7 

6 

12:08  —  9 

1 

4:15  -   7-3 

4:17   -   7 

4 

3:28    -     2 

2 

11:14  -  7 

9 

2:13  —10 

5 

5:08  —  6.2 

6:14  -  8 

3 

4:18    —    2 

6 

12:01  —   7 

9 

4:12  -  8 

3 

5:56  -  4-6 

8:17  -  6 

I 

5:07    -     2 

6 

i:o8  -  7 

2 

6:49   -   4 

2 

6:58  -  3-3 

9:19  -  5 

S 

5:54    -     2 

3 

2:10  —  6 

1 

7:30   -   3 

8 

8:13   -   1.6 

10:17  —  4 

8 

6:50    —     I 

8 

3:20  -  4 

5 

8:18   -   3 

S 

9:18  —   1.6 

11 :io  —  4 

3 

8:05  -   r 

J 

4:19-3 

6 

9:06   -   3 

6 

10:18  —   2.3 

12:15   -  4 

2 

9:14  -   1 

5 

5:09  -  2 

7 

10:06   —   4 

4 

11:20  —  3.7 

1:18   -  4 

2 

10:09  —   I 

I 

5:53  -  2 

4 

11:07  -  S 

4 

12:33  -  6.0 

,2:25   -  5 

0 

11:10  —  0 

6 

7:08  -   2 

7 

12:02  —  7 

0 

2:16  —  9.4 

3:1s   -   4 

7 

12:23   —  0 

3 

8:02  -  3 

7 

1:14  -   7 

6 

4:16  —10.6 

4:14  -  4 

7 

2:12   —  0 

6 

9:13  -  S 

10:17  —  6 

0 

7 

C  =  +o.90 

6:25  -  8.9 
7:18  -   7-9 

5:18   -  4 
6:24  -  3 

S 

5 

4:11   —   I 
6:12   -  3 

7 
4 

11:12  —   7 

S 

3:06  -  8.8 

8:27  -  6.5 

8:04   —   2 

4 

7:12  -  3 

7 

12:02  —   7 

9 

3:48  -  7 

9 

9:34  -  S-8 

9:16   —    I 

2 

8:15    -    4 

I 

2:19  -  7 

0 

4:46  -  5 

7 

10:17  —  5.6 

10:06   —   0 

7 

9:16    -   4 

6 

4:12  -  4 

5 

5:20  -  4 

4 

11:12  —  6.0 

I I : 09   —   0 

9 

10:27    -   4 

4 

6:14  -  3 

1 

5:49  -  3 

2 

12:04  —  6.3 

12: 16   —    1 

4 

11:08   —   4 

5 

7:14   -   3 

6 

6:54  -   2 

2 

1:05  -  7.0 

2:17   -   3 

2 

12:04   -   3 

6 

8:16   —   4 

3 

8:07   -   1 

7 

2:29  -   7  5 

4:38  -  5 

6 

1:12   —   2 

7 

9:16  -   s 

9 

9:06  —   2 

7 

3:31  -   7.2 

6:24  —  6 

5 

2:12   —   2 

4 

10:15  -   7 

3 

10:10  —  4 

2   . 

4:20  -  71 

8:19  -  5 

9 

3:10   -    1 

6 

11:13   -  8 

7 

11:19  —  6 

4 

5:13  -  6.0 

C=— 0.84 

4:04   —  0 

•9 

12:09  -  9 

2 

12:18  —  8 

4 

5:56  -  4.9 

5:04-0 

9 

1:14  -  8 

•9 

2:11  —10 

5 

6:52  -  36 

9:26  -  5.7 

5:52   -    I 

4 

2:28  -  8 

.  1 

4:08  —10 

I 

8:22  —   2.0 

10:10  —  5 

.0 

6:51   -    I 

3 

3:27  —  6 

•  7 

6::o  —  6 

7 

9:19  -   13 

ii:i2  —  4 

•7 

8:00   -    I 

•  5 

4:14  —  S 

■  S 

7:18  -  4 

9 

10:10  —   1.8 

12:06  —  4 

.2 

9:4s   -    I 

•7 

5:21  -  3 

S 

8:18  -  4 

.2 

11:30   —    2.8 

1 

:o8   -   4 

•  4 

1 1 : 04  —   1 

■  4 
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A.M.  November  6 

P.M.  November  8 

A.M.  November  11 

P.M.  November  13 

P.M.  November  16 

1 :04   — 

0.9 

12:06    —   3.0 

8 

27  +  0.4 

8:00  +  5.8 

1:17   +    1.5 

2;i9   - 

0 

I 

1:0s    -    2.4 

9 

23   —  0.6 

9:10  +  5-4 

2:30  +    I.I 

4:19   — 

0 

7 

2:13    -    1.4 

10 

14  —   1.6 

10:07  +  40 

3:17   +   1.0 

6:17   - 

I 

8 

3:14   -   o.s 

II 

10  —   2.4 

11:08  +  2.2 

4:06    +1.2 

7:12   — 

I 

7 

4:18   +  0.7 

12 

04  —   2.8 

12:08  +  0.3 

S:i2  +  2.3 

8:04   - 

2 

7 

5: 10   +  0.8 

I 

04  -   2.7 

2: 10  —   2.5 

6:24  +  4.2 

9:05    - 

3 

5 

5:55  +   1-5 

I 

55   -   2.6 

4: 16  —   2.6 

8:00  +  5.7 

10:07   ~ 

4 

3 

6:SS   +   lO 

3 

08  —   1.0 

6:38  +  0.1 

9.:i7  +  6.4 

11:07   -~ 

3 

9 

8:03  +  0.9 

4 

18  +  0.7 

8:06  +1.7 

10:16  +  6.7 

12:07   — 

3 

5 

9:11   -   0.3 

5 

II   +   1.9 

9:13  +  2.3 

11:06  +  6.1 

1:19   - 

2 

8 

10:10   —   1.2 

S 

56  +  31 

10:10  +  2.0 

12:19  +  4.5 

2:12   — 

I 

8 

11:18   —   2.3 

6 

59  +  3.8 

11:09  4-  i-s 

2:07  +  1.8 

3:08   - 

I 

5 

12:20   —   2.6 

8 

10  +  3-8 

12:07  +  0.8 

4:38  -   1.4 

4:06   — 

0 

2 

2:10   —    1.8 

9 

II   +   23 

1:08  —  0.4 

7:22  —  0.1 

5:06   ± 

0 

0 

4:17    -   O.I 

10 

12  +  0.8 

2:01  —  0.4 

8:15  +  0.5 

5:50   - 

0 

2 

6:18  +   1.0 

II 

10  —  07 

3:09  +  o.s 

9:10  +  i.s 

6:48   - 

0 

4 

7:08  4-  1.0 

12 

32   -   2.6 

4:09  +   1.3 

10:12  +  2.4 

7:59   - 

0 

9 

8:1s  +  0.2 

2 

08  -  3,4 

5:06  +   2.6 

11:14  +  2.8 

9:08   - 

0 

9 

9: 16  —  0.6 

4 

10  —   2.5 

5:56  +  35 

12:10  +  2.6 

10:10  — 

I 

8 

10:16  —  1.9 

6 

28  +  0,8 

6:50  +  4.6 

1:07    +    2.S 

11:08   — 

I 

7 

11:16  —  2.4 

7 

24   +    1-4 

8:12  +  6.1 

2:10  +  1.8 

12:14   ~ 

T 

4 

1:13  -  2.7 

8 

16  +    1.3 

9:12  +  5-8 

3:1s  +  1-7 

I :  II    — 

0 

8 

2:29  -  1.5 

9 

18   +  0.8 

10:20  +  5.1 

4:03  +   1.6 

2:10   — 

0 

3 

3:27  -  0.3 

10 

14  +  0.1 

11:14  -j-  3.9 

S:os  +  2.3 

4:18   + 

0 

4 

4:3*^  +   1-3 

II 

18    -    1.0 

12:04  +  2.3 

5:52  +  2.6 

6:12    — 

0 

3 

5:25  +   1-8 

12 

08    —    1.4 

2:11   —   1.9 

7:12  +  3-9 

7:12   — 

0 

7 

6:13  +   2.1 

I 

08    -    1.7 

4: 16  —   2.4 

8:08  +  4.8 

8:08   - 
9-13    - 

I 

2 

I 
4 

8:25  +   1.4 
g: 18   —   0.1 

2 
3 

12     -     1.7 
10    —    0.7 

6:08  -  0.6 
7:58  +   1.8 

C  =  +2.66 

io:og  — 

2 

5 

10: 18   —    I.I 

4 

04    +     I.I 

9:06  +   2.6 

9:16  +  5  7 

ii:os   - 

3 

3 

11:20   —   2.6 

5 

05    +    2,8 

10:18  +  2.5 

10:09  +  6.3 

12:04  — 

3 

0 

12:20   -   3.3 

6 

00    +    3.7 

11:08  +  2.3 

11:09  +  6.4 

1:07   - 

2 

2 

2:04  -   3.2 

7 

OS   +  4-7 

12:04  +   1-7 

12:12  +  5-7 

2:22   — 

I 

3 

4:08  —   0.3 

8 

08  +  4.9 

1:12   4-   II 

2:08  +  3.4 

3:12   - 

0 

6:04  +   I.I 

9 

17   +  3-9 

2:16  -j-  0.6 

4:12  +  0.4 

4:17  + 

0 

3 

8; 20  +   1.0 

10 

08  +  3.0 

3:16   +  0.7 

6:13  -  0.2 

C=-2 

.83 

9:32   -   0.2 
10:51    —    1.5 

II 
12 

08  +   1.0 
15   —    1.0 

4:11   +  0.8 
5:16  +   2.4 

7:30  ±  0.0 
8:23  +  0.9 

5-12    + 

o-S 

12:07   ~   2.4 

2 

27   -   3.2 

5:57  +  3-5 

9:19  +  1.7 

5:56  + 

I.O 

i: 10  —   2.2 

4 

18   -    2.0 

6:51  +  4.7 

10:14  +  2.1 

6:52  + 

I.I 

2 : 08   —    1.4 

6 

12   —   0.1 

8:17  +  6.4 

n:io  +  2.4 

7:48  + 

0.2 

3 : 08  —  0.2 

7 

30  +   1.6 

9:13  +  6.4 

12:03  +  31 

9:16  — 

0.4 

4:20  +   1.3 

8 

26  +   2.2 

10:08  +  6.3 

1:12  +  3.2 

10:10  — 

1-7 

5:16  +   2.9 

9 

23+2.0 

11:05   +   5-2 

2:08  +  3.0 

11:13  - 

2.0 

5:52  +  2.9 

10 

12   +   1.3 

12:18  +  3.1 

3:05  +  2.0? 

12:13  - 

2.1 

6:52  +  3  3 

II 

06  +  0.5 

2:06  —  0. I 

4:04  +  2.7 

2:44  - 

0.9 

9:01   +   1.6 

12 

06   =»=   0.0 

4:22  -  1.9 

5:04  +  3.4 

4:24  + 

0. 1 

10: 10  +  0.4 

I 

03-0.7 

6:14  —  0.8 

5:53  +  31 

6:13  + 

0.  2 

11:13  -   13 

2 

04  —  0.6 

7:12  +  0.2 

6:49  +  40 

7:22  - 

03 

12:26  —  3.4 

3 

12   +  0.3 

8:12  +  0.9 

8:08  +  5.3 

8:16  - 

1 .1 

2:10  -  3.7 

4 

10  +   1.3 

9:09  +17 

9:24  +  6.2 

9:12  - 

1.6 

4:18  -   1.8 

S 

IS  +  2.8 

10:13    +    2.S 

10: II   +  6.9 

10:10  — 

2-3 

6:14  +  o.s 

S 

S8  +  4.0 

11:10    +    2.4 

11:10  +  7.4 

11:09  ~ 

31 

7:20  +  0.8 

6 

SO  +  4-8 

12:15    +    2.2 

12:11  +  7.3 
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A.M.  November  19 

A.M.  November  21 

A.M.  November  23 

A.M.  November  25 

A.M.  November  27 

2:14  +  S-8 

4:12   +   6.8 

6:12   +   7.0 

lo:o6  +  4.8 

11:06   +   6.3 

4:15  +  3 

7 

6:04  +  4 

8 

7:11  +  6 

I 

11:04  +  3 

8 

12:08  +   5.5 

6:16  +  I 

7 

7:1s  +  4 

0 

8:10  +  5 

I 

12:06  +  3 

4 

12:48   +   5.2 

7:16  +  I 

3 

8:12   +  3 

4 

9:10+3 

9 

1:0s  +  3 

6 

2:0s  +  4.9 

8:08  +  I 

3 

9:09  +  3 

I 

10:12   +  3 

2 

2:05  +  4 

4 

3:17  +  6.2 

9:21  +  2 

0 

10:08  +  3 

2 

11:08    +    2 

9 

3:09  +  S 

9 

4:17  +  7-4 

10:12  +  2 

4 

11:12   +  3 

5 

12:08  +  3 

4 

4:10  +   7 

6 

5:12   +  9.1 

11:08  +  3 

0 

12:06  +  4 

3 

1:12  +  4 

4 

5:08  +  9 

0 

6:17  +10.6 

12:12  +  3 

7 

1:09  +  5 

4 

2:18  +  6 

0 

5:55  +  9 

7 

7:30  +11.9 

1:23  +  4 

0 

2:10  +  6 

3 

3:08  +  7 

I 

6:54  +10 

0 

8:16  +11.8 

2:2s   +   4 

I 

3:03  +  7 

4 

4:07  +  8 

4 

8:10  +  8 

8 

9:28  +11 .0 

3:12  +  4 

2 

4:09  +  7 

8 

5:03  +  8 

6 

9:08  +  7 

7 

10: 18  +  9.6 

4:14  +  4 

I 

5:14  +  7 

8 

6:08  +  8 

7 

10:05  +  6 

0 

11:08  +  7.9 

5:13   +  4 

I 

5:50  +  7 

2 

8:02  +  6 

9 

11:08  +  4 

0 

12:09  +  5.9 

5:50  +  4 

0 

6:S3  +  6 

6 

9:06  +  5 

I 

12:08  +  2 

5 

2:03  +   2.7 

7:06  +  4 

3 

8:06  +  s 

6 

10:09  +  3 

8 

2:10  +  I 

1 

3:52  +   2.4 

8:11   +  4 

4 

9:16  +  5 

I 

1:15  +  2 

8 

4:05  +  2 

8 

5:3s  +  4-1 

9:19  +  S 

3 

10:14  +  S 

0 

3:07  +  4 

5 

5:56  +  S 

7 

6:37  +  5-6 

10:12   +  s 

7 

11:14  +  S 

3 

5:06  +  6 

S 

7:18  +  6 

9 

8:19  +  7-4 

ii:os   +  6 

3 

12:12  +  5 

6 

■   7:11   +  6 

4 

8:20  +  7 

1 

9:06  +  7.6 

12:16  +  6 

8 

2:34  +  6 

8 

8:18  +  5 

6 

9:18  +  6 

4 

10:04  +  7.6 

2:09+5 

9 

4:10+7 

3 

9:18  +  4 

4 

10:16  +  5 

7 

11:06  +  7.2 

4:12  +  4 

5 

6:10  +  6 

2 

10:07  +  3 

6 

11:09  +  4 

7 

12:06  +  6.2 

6:07  +  2 

7 

7:20  +  5 

I 

11:14  +  3 

I 

1 2 : 06  +  4 

1 

i;o7  +  S-7 

7:14  +  I 

9 

8:12  +  4 

3 

12:04  +   2 

9 

1:02   +  3 

9 

2:08   +   5.2 

8:08  +  I 

6 

9:08  +  3 

S 

1:10  +  3 

6 

2:06  +  4 

7 

3:16  +  5.8 

9:22  +  I 

8 

10:14  +  3 

2 

2:07+4 

8 

3:10  +  6 

0 

4:08  +  6.6 

10:18  +  2 

I 

11:09  +  3 

3 

3:19  +  6 

9 

4:08  +  7 

4 

5:05  +  7-9 

11:09  +  2 

9 

12:02  +  3 

7 

4:14  +  8 

3 

5:06  +  9 

3 

5:48  +  9.0 

12:09  +  3 

4 

1:09+4 

9 

5:09  +  9 

4 

6:00  +10 

3 

6:56  +10.8 

1:05+4 

3 

2:14  +  S 

9 

6:00  +  9 

6 

6:52  +11 

0 

7:54  +II.8 

2:04  +  4 

7 

3:18  +  7 

4 

6:54  +  9 

2 

8:02  +11 

0 

8:44  +11.9 

3:07  +  5 

3 

4:14  +  8 

0 

8:12  +  8 

3 

9:10  +10 

0 

10 :  03  +11.2 

4:05  +  5 

2 

5:08  +  8 

4 

9:10  +  6 

8 

io;i2  +  8 

1 

12:00  +  7.8 

5:03  +  S 

3 

5:52  +  8 

2 

10:13  +  S 

I 

11:18  +  s 

9 

3:1s  +  2.6 

5:56  +  4 

9 

6:48  +  7 

S 

11:05  +  3 

4 

12:36  +  3 

4 

5:16  +  3.0 

6:56  +  4 

8 

8:02  +  6 

s 

12:08  +  2 

2 

2:08  +  I 

8 

7:06  +  5-3 

8:04  +  4 

8 

9:20+5 

I 

2:12+2 

S 

4:26  +  3 

I 

8:21  +  6.9 

9:08  +  S 

2 

10:06  +  4 

3 

4:16+4 

7 

6:04  +  5 

2 

9:30  +  7.8 

10:14  +  5 

4 

11:17  +  3 

7 

6:10  +  6 

9 

7:16  +  6 

7 

10:48  +  7.5 

11:07  +  6 

0 

12:18  +  4 

I 

7:20  +  6 

9 

8:21  +  7 

5 

12:03  +  70 

12:12  +  6 

6 

2:12  +  5 

6 

8:24  +  6 

4 

9:18  +  7 

4 

1:22  +  6.2 

2:06+7 

2 

4:12  +  7 

0 

9:14  +  S 

6 

10:04  +  7 

0 

2:18  +  6.0 
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A.M.  September  27 

P.M.  September  2g 

P.M.  October  3 

A.M.  October  s 

P.M.  October  7 

C  =  +o.70 

9:36   + 

0.8 

3:59    - 

3-6 

9:01   —   6.8 

10:01   —  8.1 

8:04  +  2.9 

11:01    + 

1.6 

5:01    - 

4 

6 

10:02   —    7.0 

n:oo  —   8 

4 

9:00  +  3.3 
10:00  +  i.3 

ii:S9  + 
2:00  + 

1.9 
0.9 

5:59    - 
7:02    - 

S 
S 

3 

8 

C  =  — 2.30 

ii:SS  -  8 
2:06  —  9 

5 
0 

11:04  +  3-2 

3:00  — 

0.9 

8:00   - 

5 

5 

11:51  -  6.3 

6:20  —   7 

9 

12:06  +  1.9 

4:02   — 

2.2 

8:58   - 

4 

9 

12:52  —  6 

I 

6:S4  -  7 

6 

12:58  +  0.6 

5:02   - 

2.8 

10:20    — 

3 

6 

2:37  -  6 

8 

7:56  -   7 

6 

2:00  —  0.9 

6:06  - 

2.8 

11:17    — 

3 

2 

3:56  -  7 

3 

8:58  -   7 

7 

2:58  -   1.8 

7:10  - 

2.9 

12:19    — 

2 

3 

5:08-6 

9 

io:i2  —   7 

9 

3:56  —  3.0 

8:09  - 

19 

1:51    - 

2 

5 

6:18  -  7 

4 

11:06  -  8 

5 

S:o3  -   2.2 

9:43   =*= 

0.0 

3:05    - 

2 

8 

7:55  -  8 

2 

12:06  —  9 

a 

5:58  —  0.9 

10:52  + 

0.4 

4:04   - 

3 

6 

9:12  -  8 

0 

I : 00  —  9 

4 

6:54  —  0.1 

2:08  - 

0. 1 

6:29    — 

S 

6 

10:18  -  8 

6 

1:59  -  9 

3 

8:02  +  0.7 

3:10  - 

1.9 

7:49   - 

6 

I 

11:5s  -  8 

7 

3:01   -  9 

1 

9:03  4-  20 

4:0s  - 

3-2 

8:58   - 

6 

2 

2:12   —  8 

I 

3:58  -  9 

I 

5:02   - 

3-9 

10:12    — 

5 

8 

4:02   —   7 

9 

5:01   -  8 

6 

C  =  +o.8o 

6:04   — 

4.2 

10:56   — 

4 

9 

6:20-8 

2 

6:00  —  8 

4 

10:13  +  2-8 

6:57  - 

3.8 

12:16   — 

4 

I 

8:24-8 

2 

6:56  -  7 

9 

11:01  +  2.7 

8:06  - 

2-7 

1:10   — 

3 

6 

9:08  —  8 

4 

7:58  -  7 

7 

12:02  +  1.9 

10:20  — 

1 .0 

2:04   — 

3 

4 

10:09  —  8 

8 

9:15  -  7 

6 

1:52  —  0.1 

1:31   - 

0.7 

3:04   - 

3 

5 

ii:i2   -   8 

S 

10:26  —  7 

9 

3:48  —  2.0 

3:14  - 

1-4 

4:05    - 

4 

0 

12:24  -   9 

0 

12:12  —  8 

S 

5:56  -  1.2 

4:06  — 

3-2 

4:54   - 

4 

7 

i:iS   -  9 

I 

1:45  -  9 

I 

9:18  +  i.s 

5:13   - 

4.0 

5:58   - 

S 

2 

2:08  —  9 

0 

4:08  —  9 

3 

10:18  +  2.6 

6:18  - 

S-o 

6:50   — 

5 

7 

3:09  -  8 

9 

6:00  —  8 

7 

11:04  +   2-5 

7:24  - 

4-7 

C  =  +  i 

.  10 

4:04  —   8 

5 

6:58  -  7 

6 

12:13  +  1-9 

8:25   - 

3-6 

C  =  -i.76 

7:54  -   7 

5 

1:26  +  0.7 

10:48  — 

1-7 

8:08   - 

6.0 

9:04  -   7 

4 

2:32  -  1.3 

12:10  — 

0.9 

9:37   - 

5 

0 

4:53   -  8.5 

9:56  -  7 

? 

3:23  -  2.3 

1:22   — 

i-S 

ii:C4   — 

4 

4 

6:04  -  8 

0 

11:02  —  8 

6 

4:03  -  2.3 

3:08  - 

3-2 

11:56   — 

3 

8 

6:52  -  8 

I 

12:16    -TO 

0 

4:54   -   2.5 

4:00  — 

3S 

2:28   - 

3 

9 

8:14  -  7 

9 

12:58  —10 

1 

6:00  —  1.6 

5:04  - 

4-3 

S-ii  - 

5 

I 

9:08  -  8 

1 

2:23  —10 

4 

6:56  —  0.7 

6:02   - 

4-5 

7:52   - 

5 

7 

10:05  -   7 

9 

2:57  -10 

S 

7:54  +  0.6 

7:04  - 

S-7? 

8:58   - 

6 

0 

10:58  -  8 

8 

4:07  —10 

s 

8:56  +  2.0 

8:15   - 

6.1? 

10:01    — 

6 

3 

ii:SS  -  8 

9 

S-05  -  9 

9 

10:04  +2.5 

9:08  - 

38 

ii:ii   — 

6 

7 

1:56  -  8 

S 

6:02   —  9 

2 

11:12  +  3.4 

C  =  +  i 

.92 

12:06  — 

S 

9 

4:07   -  8 

2 

6:52  -  8 

7 

13:04  +  2.6 

1:14  - 

5 

5 

6:09  -  8 

0 

8:02  -  7 

9 

1:57  -  0.1 

10:03   — 

2.4 

2:00  — 

S 

2 

6:56  -   7 

5 

9:1s  -   7 

S 

4:06  —  2.0 

11:03   — 

1 .0 

3:15  - 

4 

9 

8:12   -   8 

3 

9:58  -  7 

3 

8:07  -  0.3 

12:00  — 

1 .0 

4:01  — 

4 

9 

9:04  —  8 

I 

11:03  -  7 

8 

9:03  4-  0.4 

i:S7   - 

1.2 

4:53  - 

5 

3 

10:08  -  8 

9 

12:11  -  8 

4 

9:58  +  1.6 

4:01   — 

3.4 

5:47  - 

S 

7 

11:06  —  9 

4 

2:00  —  9 

S 

11:10  +  1.8 

6:14  — 

4.7 

7:04  - 

6 

I 

12:12  —  9 

6 

4:12  —10 

2 

12:09  4-  1.6 

7:06  — 

5° 

7:53  - 

6 

I 

12:56  —  9 

6 

6:04  —  9 

3 

1:11  +  0.1 

8:12   - 

5-3 

8:56  - 

6 

4 

2:00  —  9 

7 

7:09  -  8 

8 

1:56  *  0.0 

9:01   — 

5° 

10:04  — 

6 

7 

2:55  -10 

0 

8:02  -  8 

3 

2:58  -   1.4 

9:57  - 

4-4 

10:56  — 

6 

6 

4:01   —  8 

S 

8:5s  -  8 

0 

4:05   —   2.2 

11:06  — 

3.7 

12:02  — 

6 

1 

4:56  -  8 

6 

10:00  —  8 

0 

5:07  -   2.8 

12: 10  — 

2.6 

2:00  — 

S 

7 

5:51  -  8 

0 

10:59  —  8 

3 

5:52  -   2.3 

1:00  — 

2.4 

4:09  - 

S 

6 

7:07  -  7 

7 

i2:n  —  9 

3 

7:04    -    2.S 

2: 12   — 

2.3 

6:28  - 

6 

S 

7:58  -  7 

S 

12:58  —10 

0 

8:19  -  0.8 

3:10  - 

3-2 

7:30  - 

5 

9 

8:56  -  7 

7 

1:56  —10 

3 
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P.M.  October  lo 

A.M.  October  13 

P.M.  October  15 

P.M.  October  18 

P.M.  October  21 

3:02    —10.4 

9:04   -    7.3 

11:08 

-  6.6 

3:04  -  9-3 

12:11    — 

11.6 

4:03    -lO 

4 

10:05    ~   6 

9 

ii:S4 

-  6.7 

3:55  -  9-8 

12:57   - 

11. 1 

5:02    —10 

I 

11:03   —   6 

6 

1:56 

-   7-3 

4:50  —10. 1 

2:03   - 

10.9 

6:07    -   9 

4 

12: 16   —  6 

8 

4:07 

-   8.9 

5:58  —10.6 

3:10  - 

10.2 

6:46   -   8 

4 

1:09-7 

4 

5:53 

—  10. 1 

6:42  —10.8 

4:00  — 

[O.I 

8:01    -   8 

0 

2:16  -  8 

4 

7:05 

-  95 

8:19  —11.0 

4:56   - 

10.4 

9:10  -    7 

I 

3:04-9 

2 

7:55 

-  9.2 

9:42  -10. 5 

5:52   - 

to.S 

io;o6   —    7 

I 

4:06  —10 

I 

8:58 

-  8.1 

10:52  —  9.8 

6:52   - 

to. 7 

11:02   —    7 

7 

5:02   -  9 

5 

10:02 

-   71 

11:52  -  9.7 

7:53   - 

[i.i 

12:26  -  8 

1 

6:08  -  9 

I 

10:58 

-  6.9 

1:54  -  9.0 

9:17   - 

11.6 

2:00  -  8 

8 

6:44  —  8 

9 

12:12 

-  6.8 

3:54  -  9-9 

10:06   — 

II. 7 

4:00  -  9 

3 

8:06  -   7 

4 

1:07 

-  6.9 

5:59  -10. 1 

11:01   — 

12.0 

6:01   -  8 

3 

9:08  -  6 

S 

2:04 

-  7-6 

7:05  -II. 4 

11:54   - 

[2.0 

7:02   -   7 

9 

10:02  —  s 

8 

3:04 

-  8.2 

8:15   -11.8 

12:58  - 

11.8 

8:08  -  6 

7 

11:00  —   5 

S 

4:06 

-  9.2 

9:00  —12.3 

1:50  - 

[1.8 

8:58  -  6 

7 

11:58  -  5 

6 

5:08 

—  10.  2 

9:59  -11.8 

4:00  — 

[1.7 

10:09  —  6 

3 

2:02   —   7 

6 

6:38 

-10.3 

10:54  —10.9 

6:05   — 

[1.7 

11:06  —  6 

5 

4:02   -  9 

I 

8:02 

-  9-9 

1:56  -  9.4 

7:00  - 

[1.8 

12:12  —  7 

1 

6:03   -   9 

2 

8:56 

-  9.4 

2:54  -  9  4 

8:04  - 

[2.3 

1:02  —  7 

5 

6:58  -  8 

3 

9:59 

-  8.5 

3:56  -  9-7 

9:05   - 

[2.9 

i:S4  -  8 

0 

8:13-7 

5 

10:58 

-   7-7 

4:56    — lO.l 

10:01   — 

[3.0 

3:10  -  8 

8 

9:12   -   7 

I 

12:00 

-   7.6 

6:22   —10.7 

10:59   - 

'3-4 

4:00  -  9 

I 

10:02   —   6 

4 

2:02 

-  8.4 

7:50  -11.9 

12: 10  — 

[3-2 

4:55  -  8 

8 

10:56  —  6 

4 

4: 16 

-10.3 

9:06  —1 1. 8 

1:00  — 

[3.2 

6:02  -  8 

3 

12:10  —   6 

7 

5:56 

—  11. 1 

9:59  -II. 2 

2:00  — 

[2.7 

6:49  -  7 

7 

12:58  -   7 

2 

7:08 

-ii-S 

10:54  —10.8 

2:57   - 

[2.7 

8:00  —  6 

6 

2:10  -   8 

I 

8:02 

—  10.9 

11:58  -I0.4 

3:57   - 

■2.3 

9:18  -  s 

7 

3:00-9 

3 

8:SS 

-10.4 

2:02   -  9.5 

4:59   - 

[2.0 

10:08  —  s 

S 

4:00  —10 

I 

9:52 

-  9-9 

4:04  -   9.7 

5:5s   - 

1.8 

11:03  -  5 

4 

4:53   -10 

0 

10:58 

-  9.1 

6:46   —10.9 

6:54   - 

1-9 

12:03  -  S 

9 

S:SS   -10 

0 

12:09 

-  8.5 

8:03   —11.4 

7:52    - 

1-9 

2:00  —  7 

3 

6:53  -  9 

6 

12:58 

-  8.2 

9:04  -II. 3 

8:55   - 

2.2 

3:55  -  8 

6 

7:58  -  8 

9 

2:03 

-  8.3 

10:  lo  —10.9 

9-59   - 

2.6 

6:00  -  8 

1 

8:SS  -   7 

7 

3:07 

-  9-3 

11:02   -10.5 

12:02   — 

3-3 

7:28  -  6 

8 

9:SS  -  6 

8 

4:02 

—  10. 1 

12:08   — lO.O 

1:47   - 

3-4 

8:34  -  6 

2 

10:52   —   6 

4 

5:00 

-10.8 

12:54  -  95 

4:00  — 

2.9 

9:38  -  6 

0 

11:54  -  6 

2 

5:59 

-11.4 

2 :  00  —   9.1 

5:56  - 

2.1 

10:43  -  S 

8 

3:22   -  8 

7 

7:04 

-11.4 

3:10   -   9.2 

7:12   - 

2.2 

11:44  —  6 

0 

5:02   —10 

2 

8:00 

-II-3 

3:58   -   9-4 

8:24  — 

2.5 

12:44  —  6 

6 

6:31   —10 

I 

8:S5 

—  10.6 

4:56   -   9-7 

9:11    - 

3-2 

2:02   —  8 

0 

8:10  —  9 

2 

10: 12 

—  lO.O 

6:02    — lO.O 

10:03   — 

3-4 

2:46  -  8 

8 

9:03  -  8 

6 

11:07 

-  8.9 

6:48   —10.3 

I I : 00  — 

4-1 

3:54  -  9 

1 

10:04  —  7 

9 

12:  II 

-  8.5 

7:58  —10.6 

11:48   — 

4-2 

4:58  -  8 

9 

10:58  -  7 

6 

i:S4 

-  8.1 

9:04  -11.3 

12:58  -] 

4-1 

6:14—8 

2 

12:12  —   7 

4 

4:50 

—  10. 1 

10: 10  —11.2 

1:58  -3 

41 

8:20  -  6 

S 

12:58  —  8 

0 

5:47 

-10.7 

11:05   —no 

3:18  -. 

2.8 

9:14  -  6 

2 

i:S4  -  8 

3 

6:58 

—  II.O 

11:58  —10.9 

4:02   —1 

2.7 

9:59  -  S 

8 

3:08  -  9 

4 

7:57 

—  II  .  2 

2:02  —10.2 

4:53  -' 

2.2 

11:10   —    5 

4 

4:03   —10 

0 

9:00 

—  11  .  I 

4:09    — lO.O 

5:54  -1 

1.6 

12:06   —    5 

7 

5:02   —10 

6 

9:57 

-10.3 

6:14  —10.4 

6:52   -I 

1-4 

1:51   -   7 

3 

5:58  -10 

9 

11:02 

-    96 

7:43   -ii.i 

7:54  -1 

1.1 

4:17  -  9 

0 

7:12  —10 

3 

12: 10 

-    91 

8:52  -HI 

9:09  -1 

1.2 

6:50  -  8 

4 

8:36  -  8 

6 

1:12 

-  8.6 

io:oi   —II. 6 

10:11   —I 

1-9 

8:07  -  7 

6 

10:02  —  7 

4 

2:07 

-  8.8 

n:o6  —11.3 

ii:oo  —I 

2.5 
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A.M.  October  2+ 

P.M.  October  26 

A.M.  October  29 

P.M.  October  31 

A.M.  November  3 

12: 16    — 

3-2 

3:17    - 

6.0 

9:01    -17-5 

5:04 

—  21 . 1 

11:03 

-21.7 

1:5s    - 

3-9 

4:07    - 

6 

0 

io:oo  —16.7 

5:47 

-21.5 

12:14 

-21.3 

4:09    - 

3-6 

5:14   - 

5 

7 

11:04  —16.3 

6:44 

—  22.1 

12:58 

-21.5 

5:56    - 

2-5 

6:35    - 

4 

7 

12:18  —16.3 

8:13 

-21.9 

2:04 

—  21.0 

6:58    - 

2.0 

8:16    - 

3 

I 

12:56  —17.0 

9:08 

—  21. 1 

3:07 

—  20.6 

8:03    - 

1-9 

9:  lO    — 

2 

4 

C=  — 1.60 

10:00 

—  20.8 

4:02 

—  20.9 

9:00    — 

2.4 

10:09   — 

2 

4 

11:19 

-19.9 

5:04 

—  21 . 1 

9:56    - 

2.5 

12:04   — 

3 

5 

2:03   -17.9 

12:34 

-19.4 

5:58 

-21.5 

10:54    - 

3i 

1:54   - 

5 

6 

3:05   -19.6 

2: 10 

-19.2 

6:44 

-21.8 

12:04    — 

4-3 

4:01    — 

6 

9 

4:01   —20.4 

4:02 

-20.3 

8:07 

-22.4 

12:59    - 

4-7 

5:52   - 

6 

3 

5:00  —21.4 

5:57 

—  21.6 

9:07 

-22.4 

2:00    — 

S-O 

7:12    - 

4 

9 

5:42    -21.7 

7:1s 

—  22.2 

10:11 

-22.4 

2:56    - 

4-7 

8:08  - 

4 

I 

6 :  48  —21.4 

7:58 

-22.3 

11:06 

—  22. 1 

4:00    — 

4-1 

9: 16   — 

3 

3 

7:56  -20.9 

8:54 

-22.3 

12:00 

-22.3 

4:55    - 

3-3 

10:07   ~ 

3 

I 

9:10  -19.7 

10:04 

-21.4 

2:06 

-21.9 

6:05    — 

2.6 

11:00  — 

3 

2 

io:io  —18.4 

11:08 

-20.5 

4:07 

—  22.0 

6:48   - 

2.4 

12:10  — 

3 

9 

11:04  —18. 1 

12: 10 

-19.8 

6:06 

—  22.2 

8:00    — 

1.8 

12:52   - 

4 

6 

12:02   —18.2 

1:02 

-19.4 

7:08 

-22.6 

8:SS  - 

i-S 

2:07   - 

5 

8 

C  =  +o.6o 

2:00 

-19-5 

8:11 

-22.8 

10:02   — 

1.8 

3:03   - 

6 

8 

3:02 

—  19.6 

9:02 

-22.9 

11:08  - 

2.6 

4:08   - 

7 

5 

2:04   —19.6 

4:04 

—  20.4 

10:03 

-23   I 

12:16  — 

3-6 

5:07   - 

7 

3 

4:08  —21.2 

5:09 

—  21,1 

11:08 

-22.9 

i:S7  - 

4  7 

6:01    — 

6 

9 

6:04  —22.2 

6:02 

—  22.0 

11:56 

-22.9 

4:04  - 

41 

6:42   — 

6 

5 

7:05   -21.9 

6:45 

-22.5 

1:05 

-22.6 

6:00  — 

3-2 

8:04  - 

5 

4 

8 :  04   —  2 1 . 1 

8:00 

—  22.4 

2:08 

-22.5 

7:03   - 

2-5 

8:58   - 

4 

3 

9:26   — ig.8 

9:04 

-22.5 

3:09 

—  2*2  .  1 

8:00  — 

2.2 

9:56   - 

3 

7 

10:19   —18.9 

10:06 

-21.8 

3:19 

-21.9 

9:17   - 

2-5 

10:58   — 

3 

7 

11:06  —18.4 

II :  10 

—  21.2 

4:08 

-21.6 

10:14  — 

3  ° 

11:58  - 

4 

0 

12:17   —18.3 

12:25 

—  20.9 

4:58 

-21.4 

11:05   — 

3-5 

2:00   — 

6 

6 

12:56  -18.5 

2:06 

—  20.2 

6:02 

-21. 5 

ii:S3  - 

4.4 

4:02   — 

8 

3 

1:58  —19.0 

4:05 

—  21.1 

6:41 

-21.7 

12:59  - 

50 

6:37   - 

7 

8 

3:02   —20.2 

6:01 

-21.8 

7:57 

-21.9 

2:01   — 

5.8 

7:20   - 

6 

9 

4:05   -21.5 

8:04 

-22.4 

9:07 

—  22.  2 

3:12   - 

5-7 

8:10   - 

6 

2 

4:59   -22.2 

9:04 

-22.5 

10:00 

-22.4 

4:11   - 

S-i 

8:59   - 

5 

4 

5:47  -22.6 

10:09 

—  22.  I 

11:02 

-22.5 

5:00  — 

4-5 

9:58  - 

4 

9 

6:48  —22.7 

11:01 

-21.6 

12:14 

-22.6 

6:00  — 

3-9 

10:59   - 

4 

8 

8:0c  —22.0 

12:08 

-21.4 

2:03 

-22.3 

7:01   - 

3  ° 

12:09   — 

S 

0 

9:08  —21.5 

1:09 

-20.8 

4:00 

—  22.0 

8:08  - 

2.0 

1:05   - 

s 

9 

10:08  —20.6 

2:17 

-20.5 

6:01 

—  22.0 

9:06  — 

1.7 

4:05   - 

!0 

2 

11: 10  —20. 1 

3:06 

—  20.8 

7:02 

-21.9 

10:10  — 

1-9 

4:34   - 

!0 

7 

12:21    —19.7 

4:06 

—  21.0 

8:06 

—  22.2 

11:04  — 

2.5 

5:10   - 

0 

2 

2:08  —20.1 

5:07 

-21.7 

9:02 

-22.4 

ii:S4  - 

3-2 

5:40  - 

0 

2 

4:07  —21.8 

6:34 

-22    4 

10:15 

-22.5 

2:06  — 

5-4 

6:44   - 

9 

5 

6:17  -23. 5 

7:56 

-22.9 

10: 59 

-22.5 

4:00*  — 

S-7 

7:57   - 

8 

S 

7:10  -23.3 

9:08 

-22.5 

11:56 

-22.5 

6:03   — 

4-2 

8:56   - 

7 

4 

8:20  —22.7 

9:58 

-22.5 

1:05 

-22.7 

7:04  - 

3  4 

10:00  — 

6 

S 

9:27    —21.6 

11  :oi 

—  22.  1 

2:02 

-22.4 

8:26  - 

2.2 

n:io  — 

5 

9 

10:07   —21.0 

12:06 

-21.9 

3:00 

-22.3 

9:08  - 

2. 1 

i2:io  — 

6 

4 

11:04  "19-9 

2:08 

-21.3 

3:56 

—  22.  1 

10:07   ~ 

2.0 

2:00  — 

8 

3 

12: 12   —19. 1 

4:30 

-21.4 

4:56 

-21.8 

11:06   — 

2.7 

3:56  - 

0 

3 

12:58  —19.0 

6:14 

—  22.0 

6:00 

-21.6 

12:01   — 

31 

5:56  - 

!l 

r 

2:22   —19.5 

8:10 

-22.7 

6:43 

-21  4 

I  :o6  — 

4-3 

7:0s  - 

9 

6 

3:20  —20.2 

9:18 

-22.6 

8:08 

-21.4 

2:20  — 

5-8 

8:09  - 

8 

7 

4:11   —20.8 

10:02 

—  22.4 

9:37 

—  22.  2 
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P.M.  November  5 

P.M.  Novembers 

A.M.  November  11 

P.M.  November  13 

P.M.  November  16 

10:56 

-22.3 

12:57 

-23.1 

9:15 

-22.5 

9:03 

-26.8 

2:24   —28.4 

12:56 

-23.0 

2:04 

-235 

10:06 

-22.7 

10:00 

-26 

1 

3:09   -28 
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THE  VARIATION  WITH  TEMPERATURE  OF  THE  ELEC- 
TRIC FURNACE  SPECTRUM  OF  TITANIUM' 
By  ARTHUR  S.  KING 

Certain  features  of  the  spectrum  of  titanium,  when  this  metal 
is  vaporized  in  the  electric  furnace,  have  been  treated  in  previous 
papers  by  the  writer.  In  the  first^  of  these  it  was  shown  that  a 
rich  titanium  spectrum  may  be  produced  by  the  furnace,  and  its 
leading  characteristics  were  compared  with  those  of  the  arc  spec- 
trum. The  second  paper'  dealt  with  the  pressure-shifts  of  titanium 
lines  in  the  furnace;  while  a  more  recent  onC  takes  up  the  condi- 
tions for  the  production  of  enhanced  lines  in  this  source,  the 
discussion  leading  to  a  consideration  of  the  "tube-arc,"  the  spec- 
trum of  which  is  very  different  from  that  of  the  furnace  when 
operated  in  the  regular  way. 

In  the  present  paper,  the  treatment  of  the  titanium  spectrum 
will  follow  the  general  plan  of  a  recent  paper^  on  the  spectrum  of 
iron.  The  purpose  is  to  examine  the  spectra  given  by  three  stages 
of  furnace  temperatures  in  the  range  from  2000°  C.  to  above  2600° 
C.  The  data  thus  obtained  show  the  approximate  temperature 
at  which  a  Hne  appears  and  the  rate  of  growth  in  intensity  as  the 
temperature  rises.  The  strength  of  the  Hne  in  the  arc  spectrum 
is  also  noted  and  a  classification  of  the  lines  is  obtained  similar  to 
that  given  for  the  iron  spectrum.  The  range  of  wave-length  studied 
is  approximately  that  of  the  visible  spectrum,  from  X  3888  to 
X  7364. 

'  Conlribulions  from  the  Motiiil  Wilson  Solar  Observatory,  No.  76. 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  28;  Astrophysical 
Journal,  28,  300,  iqo8. 

3  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  60;  Aslrophysieal 
Journal,  35,  183,  1912. 

*  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  65;  Astrophysical 
Journal,  37,  iig,  1913. 

^  Contributions  from  the  Mount  Wilson  Solar  Obsenotory,  No.  66;  Astrophysical 
Journal,  37,  239,  1913. 
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APPAR.A.TUS   AND   METHODS 


The  tube  resistance  furnace  and  the  two  grating  spectographs 
used  in  this  work  have  been  described  in  previous  papers,  the 
experimental  method  being  very  similar  to  that  employed  for  the 
iron  spectrum.  The  metal,  "cast  titaniimi,"  supplied  by  Eimer 
&  Amend,  was  placed  in  the  tube  in  a  finely  powdered  condition. 
On  account  of  the  high  melting-point  of  titanium  (in  the  neighbor- 
hood of  1900°  C),  a  temperature  close  to  2100°  C.  as  measured  by 
a  Wanner  pyrometer  was  required  before  any  considerable  number 
of  lines  appeared.  As  nearly  as  I  have  been  able  to  determine, 
even  the  lowest  temperature  hnes  do  not  appear  below  2000°  C. 
At  about  2300°  C.  many  lines  have  developed  which  are  absent 
at  2100°.  At  2300°  to  2400°  almost  all  lines  have  appeared  which 
show  in  the  arc  spectrum,  the  absent  ones  being  weak  arc  lines 
and  the  enhanced  Unes.  The  change  from  230x3°  to  2600°  has  as 
its  most  interesting  feature  the  differences  in  the  rate  of  develop- 
ment of  the  lines  which  are  present  at  the  lower  temperature.  The 
highest  temperatures  employed  may  have  been  considerably  above 
2600°  in  the  hottest  part  of  the  tube,  but  the  relative  intensities 
of  the  titanium  lines  were  not  greatly  different  from  the  condition 
at  2500°,  except  that,  as  was  shown  in  a  former  paper.'  at  about 
2600°  we  reach  the  stage  when  enhanced  Hnes  can  be  made  to 
appear  faintly  in  the  furnace  spectrum.  The  strong  vaporization 
of  carbon  at  these  higher  temperatures  is  disturbing,  not  only  on 
account  of  the  band  spectrum  in  certain  regions,  but  by  reason  of 
the  strong  continuous  spectrum  emitted,  probably  at  least  in  part 
from  the  reflection  of  light  from  the  incandescent  wall  of  the  tube 
by  the  vapor  particles.  This  vaporization  of  the  carbon  causes  the 
gain  in  temperature  to  be  slow  in  proportion  to  the  electrical 
energ>'  expended,  and  with  the  size  of  tubes  thus  far  used,  super- 
heating much  above  2600°  C.  has  not  yielded  photographs  satis- 
factory for  comparison  with  those  taken  at  lower  temperatures. 

A  set  of  photographs  for  the  range  from  X  3880  to  X  5700  was 
taken  three  years  ago.  the  first  order  of  the  vertical  plane-grating 
spectrograph  being  used  with  objective  of  30  ft.  (9.1  m)  focal 

■  Contributions  Jrom  the  Mounl  Wilson  Solar  Observatory,  No.  65;  Aslropliysical 
Journal,  37,  119,  1913. 
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length,  the  scale  being  about  2.05  A  per  mm.  The  requirements 
as  to  scale  for  this  spectrum  in  the  blue  and  violet  are  somewhat 
exacting,  however,  on  account  of  the  numerous  close  lines,  and  a 
decided  gain  was  obtained  in  a  set  of  plates  taken  during  the  past 
year  in  which  the  bright  second  order  of  a  new  grating  was  used 
for  the  spectrum  to  the  violet  of  X  4600,  the  scale  being  approxi- 
mately 0.9  A  per  mm.  Cramer  "Crown"  plates  were  used  for 
this  region.  To  supplement  the  former  set,  the  first  order  of  the 
same  grating  was  employed  for  lines  to  the  red  of  X  4600,  with 
Seed  '"Gilt-Edge  27"  plates  bathed  with  pinacyanol,  pinaverdol. 
and  homocol  according  to  the  formula  of  Wallace.  A  fairly  uniform 
intensity  of  the  spectrum  was  thus  obtained  from  X  4600  to  about 
X  6800.  from  which  point  the  decreasing  sensitiveness  of  the  plates 
made  furnace  photographs  with  the  long-focus  instrument  very 
difficult.  For  the  few  lines  beyond  X  6800,  I  have  rehed  upon 
bathed  films  used  with  a  concave  grating  of  i  meter  radius,  the 
brightness  of  whose  spectra  makes  it  possible  to  photograph  the 
furnace  radiation  as  far  into  the  red  as  titanium  lines  have  been 
measured  in  the  arc  spectrum. 

A  number  of  photographs  were  made  with  this  concave  grating, 
covering  with  one  exposure  the  whole  visible  spectrum,  frequently 
simultaneously  with  exposures  made  with  the  large-scale  instru- 
ment. While  the  estimates  of  intensities  were  based  almost  entirely 
on  plates  taken  with  the  plane  grating,  the  films  taken  with  the 
concave  were  useful  as  supplementary  material,  especially  for  the 
low  and  medium  temperatures,  and  showed  the  general  variation 
of  the  spectrum  with  wave-length  for  the  several  temperatures 
and  for  the  arc.  They  were  especially  useful  by  reason  of  the  strong 
spectrum  which  could  be  obtained  at  low  temperature,  the  large 
spectrograph  giving  the  spectrum  very  faint  for  this  condition; 
so  that  if  a  line  did  not  appear  on  the  film  taken  with  the  concave 
grating,  it  was  reasonably  certain  that  the  temperature  employed 
would  not  produce  such  a  line. 

The  method  of  estimating  line  intensities  was  discussed  in  some 
detail  in  connection  with  the  iron  spectrum.  The  same  system 
was  used  for  the  titanium  lines.  The  effort  has  been  to  obtain 
correct  relative  intensities  among  the  lines  for  each  temperature, 
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a  line  distinctly  outlined  on  the  negative  being  graded  "i."'  a 
fainter  appearance  being  indicated  by  "trace."  The  difficult  gap 
between  reversed  and  unreversed  lines  could  usually  be  bridged  on 
a  given  plate  by  means  of  partially  reversed  lines,  the  relation  of 
whose  intensity  both  to  unreversed  and  to  completely  reversed 
lines  was  fairly  clear.  A  considerable  degree  of  consistency  can 
thus  be  attained  for  the  intensity  scale  of  lines  at  a  given  temper- 
ature. When  different  temperatures  are  compared,  however,  each 
temperature  condition  involves  a  certain  adjustment  of  emission 
and  absorption  between  the  vapor  at  the  center  and  that  toward 
the  ends  of  the  tube,  the  effect  being  to  give  a  line  less  density  in 
proportion  to  its  width  at  the  higher  temperatures.  While  this 
aft"ects  the  photometric  accuracy  attainable  in  comparing  Hnes  for 
different  temperatures,  the  differences  on  which  the  classification 
of  lines  is  based  are  so  decided  that  this  grouping,  which  shows  the 
stage  for  the  initial  appearance  of  a  Hne  and  its  rate  of  growth 
relatively  to  other  hnes,  may  be  considered  as  governed  by  the 
actions  attendant  on  temperature  change. 

The  detection  of  possible  blends  with  impurity  lines  has  been 
assisted  by  the  fact  that  furnace  spectra  were  available  for  several 
of  the  elements  most  likely  to  be  found  with  titanium.  By  this 
means  it  could  be  seen  whether  a  line  of  one  of  these  elements,  even 
if  weak  in  its  own  arc  spectrum,  was  likely  to  occur  at  a  given  fur- 
nace temperature.  The  use  of  tubes  of  specially  purified  Acheson 
graphite,  and  the  large  scale  employed  in  the  blue  and  \'iolet  where 
the  lines  are  most  numerous,  aided  in  the  treatment  of  impurity 
lines.  Vanadium  was  the  most  disturbing  element  in  this  regard. 
the  stronger  lines  being  given  by  the  graphite  tube  as  well  as  by 
impurities  in  the  titanium.  In  a  few  cases,  vanadium  lines  which 
might  be  present  agreed  so  closely  in  position  with  titanium  lines 
that  it  was  necessary  to  ascertain  the  probable  intensity  of  the 
vanadium  line  from  the  regular  vanadium  furnace  spectrum  and 
deduct  this  from  the  blend  appearing  on  the  titanium  plate.  Such 
cases  are  noted  in  the  "  Remarks"  column  of  Table  I. 

EXPLAN.\TION'   OF    THE    T.ABLE 

Wavc-lenglhs. — It  was  desirable  in  this  work  to  use  a  table  of 
wave-lengths  covering  the  whole  visible  spectrum  and  including 
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the  fainter  lines  visible  in  a  strong  arc  spectrum  of  titanium.  These 
requirements  were  filled  satisfactorily  by  the  tables  of  Exner  and 
Haschek/  supplemented  for  the  extreme  red  by  the  measurements 
of  Fiebig''  on  the  international  system.  The  wave-lengths  given 
by  Rowland  for  the  solar  spectrum  are  not  as  complete  for  tita- 
nium as  they  are  for  iron,  owing  to  the  general  faintness  of  the 
titanium  spectrum  in  the  sun.  Many  such  lines  are  not  identified 
by  Rowland  as  titanium.  However,  for  convenience  in  comparing 
with  the  solar  spectrum,  the  solar  wave-length  most  closely  agree- 
ing with  the  titanium  line  in  the  arc  is  entered  in  the  second  column, 
whether  given  by  Rowland  as  titanium  or  not.  In  nearly  all  cases 
there  is  little  question  that  the  solar  line  is  due  at  least  in  part  to 
titanium.  The  wave-lengths  of  Hasselberg^  are  used  in  a  few  cases 
when  close  doublets  were  not  resolved  by  Exner  and  Haschek. 
As  far  as  the  measurements  of  Hasselberg  extend  (to  X  5900),  they 
agree,  except  in  rare  cases,  with  those  of  Exner  and  Haschek  within 
0.05  A. 

Arc  intensities. — These  have  been  estimated  by  the  writer  from 
arc  spectra  taken  on  the  same  plates  with  some  of  the  best  furnace 
spectra.  A  carbon  arc  containing  titanium  in  the  lower  (positive) 
terminal  was  used,  with  currents  of  6  to  8  amperes,  the  central  por- 
tion of  the  arc  being  projected  on  the  slit.  Usually  several  arc 
spectra  with  varying  exposures  were  photographed  on  the  same 
plate.  It  was  necessary  to  select  a  strong  arc  spectrum  for  com- 
parison with  the  furnace,  since  many  titanium  lines  which  are 
faint  in  the  arc  were  found  to  show  with  considerable  strength  in 
the  furnace.  Many  Knes  in  the  arc  spectrum  are  somewhat  diffuse, 
shading  off  from  the  center  without  well-defined  edges.  These 
nebulous  Unes  are  indicated  by  n  after  the  intensity.  There  is 
some  difficulty  in  rating  their  intensities  on  the  same  scale  as  is 
used  for  the  sharper  lines.  The  letters  R  and  r,  both  for  arc  and 
for  furnace  lines,  indicate  complete  and  partial  self -reversal, 
respectively.  These  sjTnbols  point  out  the  lines  most  subject  to 
reversal,  but  the  degree  of  reversal  depends  upon  the  supply  of 
vapor  and  whether  the  arc  is  quiet  or  explosive  in  its  action. 

■  Speklren  der  Elemenie  bet  normalem  Druck,  Leipzig,  igii. 

'  Zeitschr.  f.  wiss.  Phol.,  8,  73,  1910. 

3  Astrophysical  Journal,  4,  116,  212,  1896. 
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Furnace  intensities. — The  furnace  spectrum  was  photographed 
at  three  temperatures,  the  centigrade  values  of  which  were  about 
2100°,  23oo°-24oo°.  and  26oo°-27oo°.  These  are  designated  as 
"low,"  "medium,"  and  "high."  respectively.  It  will  be  noted 
that  in  Table  I  the  intensities  scale  downward  in  general,  for  the 
three  furnace  temperatures.  This  results  from  taking  the  spectra 
just  as  they  appear  on  the  plates  and  using  as  the  unit  of  intensity 
for  each  a  line  distinctly  outlined  on  the  plate.  With  the  large- 
scale  spectrograph,  exposures  of  an  hour  or  more  at  2100°  did  not 
suffice  to  give  a  general  intensity  of  the  spectrum  such  as  could  be 
obtained  with  2600°  in  two  to  three  minutes.  Even  the  most  pro- 
nounced low-temperature  lines  did  not  come  to  the  same  absolute 
strength  as  on  the  high-temperature  photographs.  This  does  not 
interfere  with  the  classification,  however,  since  the  important 
point  is  the  relativ^e  change  of  different  lines  with  increase  of 
temperature. 

Classification. — The  class  to  which  a  hne  belongs  is  given  in 
the  seventh  column.  The  method  of  forming  classes,  which  was 
described  in  detail  for  the  iron  spectrum,  has  been  adhered  to  as 
far  as  possible  and  may  be  given  briefly  here.  Class  I  lines  are 
relatively  strong  at  low  temperature  and  strengthen  slowly  at 
higher  temperatures.  For  the  iron  spectrum  this  class  was  divided 
into  I  A  and  I  B  according  to  the  strength  of  the  line  in  the  arc 
spectrum.  A  few  Class  I  A  lines  occur  with  titanium,  being 
faint  in  the  arc.  but  it  has  been  found  convenient  to  use  "A" 
with  other  classes  which  show  this  peculiarity  of  relative  weak- 
ness in  the  arc  as  compared  with  the  furnace,  especially  for 
Class  III;  so  that  lines  corresponding  to  Class  I  B  for  iron, 
which  are  strong  in  the  arc  as  well  as  in  the  furnace,  will  be 
given  here  as  belonging  to  Class  I.  Class  II  hues  appear  at  the 
lowest  temperature  but  strengthen  rather  rapidly  as  the  tube 
becomes  hotter,  and  are  strong  in  the  arc,  except  in  the  case  of  a 
few  lines  placed  in  Class  II  A.  The  hues  of  Class  III  are  absent 
or  faint  at  low  temperature,  appear  at  medium  temperature,  and 
are  usually  considerably  stronger  at  high  temperature.  Many 
titanium  lines  of  this  kind  are  relatively  weak  in  the  arc,  so  that 
for   this  spectrum   Class   III  A   becomes   important.     Class  IV 
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TABLE  I 
Temperature  Classification  of  Titanium  Lines 


Nearest 
Solar  Linx 
(Rowland) 


179 
069 

377 


645 
681 
114 
926 
316 
732 
609 
477 


956 
563 
673 
465 
022 
508 
116 
918 
818 
476 
iSS 
99S 
416 
963 
917 
630 
479 
385 
745 
912 
538 
978 
828 
790 
495 
652 
912 
114 
310 
215 
079 
807 
541 
941 


4  n 

6 

30  « 


40;i 
8h 

40 
35 

5 

3 

3 

5 
30 
50 


30 
3 
3 
3 

Sor 


High 
Temp. 


Medium 
Temp. 


lOr 
25« 

4 


18R 

5 

6 
Tr. 

5 
15^ 
30R 

4 
20R 


30R 
50R 
40R 
60R 
20R 
20R 

I 
SoR 
15^ 

3 


70R 
3 


9« 

S 

IO» 

5 

6« 

4 

3« 

2 

9« 

5 

35 

25A 

15 

I2r 

2or 
18 

25'- 


Tr. 
Tr. 

3or 


40/? 


Low 
Temp. 


Tr. 


IV 
III 
III 
IV 
IV 
III 
VE 

II 

II 
III 
IV 
VE 

II 
III 
III  A 
IV 
III 

II 

II 

IV 

II 
III 

IV 

II 

II 

II 

II 

II 

II 

IV 

II 
II 
III 
III 
III 
II 

V 
IV 

III 
II 
III 
III 
III 
III 

IV 

III 
II 
II 

VE 
III 
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Nearest 
Solar  Line 
(Rowland) 


Furnace 


High 
Temp. 


72Q 
532 
434 
114 
925 
or8 
726 
286 
691 
623 
497 
646 
942 
789 
052 
018 
976 
464 
956 


203 
80s 
306 
430 
713 
689 

337 
419 
428 
089 
629 


I2» 

I2n 

6 

3 

IS" 
25» 
35 

4 

25» 

4 
5 
25K 
3" 
3« 
6 
5 


817 

5 

372 

7 

415 

361 

20 
15 

239 
268 

IS 
3 

115 

4> 

501 
680 

2 
2 

488 
516 

3 

4 

221 

4 

631 
863 
589 
327 

30 
6 

20 
8 

6 
6 

3 
I 

7 
8 

2S« 


S 
2or 


S" 

I 

10 

5^ 

IS 

4 

4 

2 

4 

2 

I0» 

S 

Tr. 
Tr. 


Tr. 

IS 


IS 

Tr. 

4 


2? 

2 
Tr. 
Tr. 

3 


Tr. 


Ill 
III 
III 
III 
III 
III 

II 

VE 
III 
IV 
VE 
III 
III 

V 
III 
III 
III 
III 
IV 
III 
III 
VE 

in 
III 

IV 

III 
III 
III 

IV 
IV 
IV 
IV 
IV 

III.\ 

IV 

III 
III 
III 
III 
II 
III 
III 
III 

IV 

III? 
Ill 
III 
III 
III 

IV 
IV 


\  by  Hasselberg, 
not    given    by 
f^xner  and 
Haschek 


Coincides  with 
r.     Probable 
intensity  of   I' 
line'subtracted 
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TABLE  I— Continued 


\  Nearest 

(ExNER  AND     I  Solar  Line 
Haschek)       I  (Rowxand) 


43° 
706 

I2Q 
976 
80s 
682 
818 

S" 

499 

213 

066 

710 

240 

647 

480 

280 

894 

946 

620 

899 

020 

822 

050 

671 

272 

783 

90s 

177 

774 

888 

748 

290 

418 

832 

374 

329 

590 

482 

746 

587 

836 

390 

009 

194  t 

494  1 

530 

860 

164 

168 


^n 

3 

3 


S 

S 

7 

2 

S» 

3 

2» 

8>i 
411 
2 

5" 
'5 
3« 
4 

3" 
7" 


High  I  Medium   Low 
Temp.  1  Temp.  Temp. 


3 
Tr. 


Tr. 
Tr. 


3 
Tr. 


Tr. 

I 

Tr. 


9 

3 

Tr. 


Ill 
III 
III 
III 
IV 
III? 
VE 
VE 
III 
III 
III 
III 
VE 
VE 
VE 
III 
III 
III 
III 
III 
IV 
III 
IV 

III 
III 
III 
III 
III 
III 
III 
rv 

IV 

III 
III 
III 

IV 

IV 

IV 

III  A 

IV 

III 
III 
III 

IV 

III 
III 

IV 

III 
III 
III 
II 


Slightly  affected 
in  furnace  by 
V  blend 
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Nearest 
Solar  Line 
(Rowland) 


Furnace 


High 
Temp. 


Medium 
Temp. 


.566 
.038 
.310 
•237 
.080 
.377 
•174 
•375 
.827 

■  301 
.914 
.828 
.410 
.803 
.211 

•732 
.262 

■  08s 
.072 
.614 
.078 
.017 
.081 
.601 


■  034 
■479 
.964 
■138 
.817 
.119 
.813 
.670 
.306 
.520 
.082 
.866 
96s 
.084 
.616 
.192 
•S30 
•ois 
•45' 
.278 
•72s 
.338 
•S09 


7 
5 

25 

S 
ion 


25'- 

3 

Tr. 

25'' 


25'' 

40R 


Tr. 
50R 
50R 


60R 

5 
Tr. 

6 


Tr. 

I? 
Tr.? 


3? 


II 
VE 
III  A 
II 
III 
VE 
II 
IV 
III  A 
VE 
II 
II 
III 
III 
VE 
II 
II 
VE 
III  A 
III  A 

II 
III  A 
VE 
III  A 

IV 
III  A 
IV 
VE 
III  A 
II 
VE 

ni 

VE 

III 
III  A 

III 

II 

III  A 

VE 

III  A 
VE 
IV? 
IV? 
VE 

IV 
VE 
IV 
IV 
III 

IV  A 


Shaded  toward 
red  in  furnace 
and  arc.    May 
be  double 


Slightly  affected 
by  blend  with 
V  and  Ca 


Diffuse    in     fur- 
nace.    May 
belong  to  car- 
bon band 
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TABLE  I— Continued 


Nearest 
Solas  Line 

(ROWIAND) 


30- 
89. 
10. 
87, 
57' 
60. 
21 . 
65. 
n , 
27. 
19 
00. 
94 
42. 
57 
04 

83 
60 
70 
47 
86 
52 
67 
98 
01 
56 
or 

20 
28 
21 
52 
45 
76 
76 
16 
54 
79 

39 
53 
45 
00 
74 
35 
20 
70 
13 
52 


644 
219 
882 
052 
873 
498 
643 
260 
571 
093 
225 
201 
008 
935 
433 
563 
082 
896 
581 
636 

450 

884 

499 
616 
928 
985 
531 
931 

201 
266 
221 
524 
453 
736 
742 
168 
504 
750 


•359 
•515 
•433 
5  976 

.728 

■3^3 

.267 

•  654 
.087 
.486 


3? 


Tr. 
Tr. 


7 
Tr. 


2? 
15 
Tr. 


3         Tr. 


III? 

IV 
VE 

IV 

IV 

IV 

rv 
in 

IV 

m 

VE 
VE 
VE 
VE 

nil 

III  A  J 

III 

III  A 
III  A 

III? 

Ill 

VE 

VE 
IV 

III 

n 
III 
niA 

II? 
Ill 
in 

III  A 

in 

IV 

III 

III  A 
IV 

III 


IV 

III 

IV 

VE 
VE 

ni 

IV 
VE 

III 
II 


Blend    with     1'. 
Probable  in- 
tensity   of     V 
line  subtracted 


\'s     by    Hassel- 
berg,  given  by 
Exner  and 
Haschek  as 
4404.47 

Blend    with     V. 
Probable  in- 
tensity   of     V 
line  subtracted 

Not  enhanced,  as 
given  by  Lock- 
yer.  Enhanced 
Une  is 
X  4422. 12 

Blend    with     V. 
Probable  in- 
tensity   of     V 
line  subtracted 


X  by  Hasselberg. 

Not  given   by 

Exner  and 

Haschek 
May  be  partly  Sr 
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Nearest 
Solar  Like 
{Rowland) 


Fdssace 


High      Medium     Low 
Temp.      Temp.     Temp. 


4453 -91 ■ 
4455  5° • 
4457-61. 
4463 -52 • 
4463 . 70 . 
4464.62 . 
,4465-97- 
4468 . 65 . 
4469.38. 
4471.04. 
4471 -43  ■ 
4475  02 • 
4475.68. 
4479.88. 
4480 . 78 . 
4481 .46. 
4482.87. 
4485 . 24 . 
4488.45. 
4489.25. 
4492 -73 • 
4495 . 18 . 
4496-35- 
4496.44. 
4497.91. 
4501.42. 
4503-94- 
4505-89- 
4506.50. 
4508 . 20 . 
4508.44. 
45"-3i- 
4512.90. 
4513-85- 
4515-74- 
4518-19. 
4518.83. 
4522.98. 
4526.52. 
4527-47- 
4529.64. 
4532-30- 
4533-40. 
4534-14- 
4534-95- 
4535-71. 
4536-12. 
4536.25. 
4537-40. 
4539  26. 


.876 
.485 
.600 
•569 
.698 
■  617 
-975 
-663 
.316 


.026 
•633 
.879 

•  752 
-438 

•  904 

•  244 
■493 
.262 
.  700 
.182 
■3'8 
-409 
.842 

■  445 
.926 
-959 
-497 
-177 

■  455 
-345 
.906 
.886 

•  763 
.198 
.866 

■  974 
-579 
.490 
.656 
.306 
.419 
-139 
-953 

•  741 
.094 
.222 
•389 
.263 


3 
25 
4" 


40r 
3 


4or 

4 

35'' 


8oie 
Tr. 
6o/J 

so/e 

4or 
40r 


ni 
II 
II 
ni 
III 

VE 

in 

VE 
V 
IV 

ui 
ni 

IV 

ni 

IHA 

m 
III 

IV  A 
VE 
lU 

in 
III 
III 

III  A 

III 

VE 
IV 
IV 
IV 
IV 
IV 
IV 

n 

IV  A 
IV  A 

II 
III 
II 

III  A 

n 

VE 
IV 

n 

VE 

n 
II 
II 
II 
i\' 

IV 


X's     by    Hassel- 
berg.     Given 
by  E.xner  and 
Haschek  as 
X 4463.62 


Measured  by 
writer.    In 
arc  appears 
as  satellite  of 
X  4496.35 


X's     by    Hassel- 
berg.     Given 
by  Exner  and 
Haschek  as 
X  4536. 16 
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TABLE  I—Conlimied 


Nearest 
Solar  Line 
(Rowland) 


672 
043 
864 
587 
024 
301 
938 
808. 
72s 
264 
662 
060 
28s 
102 
814 
599 
939 
352 
095 
156 
047 
126 


452 
607 
279 
521 
736 
352 
050 
538 


368 
193 
832 
228 
644 
766 

55° 
294 
096 
604 
088 
702 
114 
554 


High 
Temp. 


6 
6 
5 
IS 

I 

3« 
15 
2 

3 

5 


3 
3°r 
Tr. 


35'- 
Tr. 
35r 
3 
3or 


Medium 
Temp. 


Tr. 
Tr. 

18 


Tr. 
IS 


Temp. 


Tr. 
Tr. 


Class 


in.\ 

III  A 

II 

IV 

III 
III 
ir 

YE 

II 
III 
II 

IV 
IV 

III 

II  A 
III 
VE 

III  A 
III 
VE 

IV 

VE 

IV 

\^ 

^■ 
II 

IV? 

Ill 
III 

IV? 
IV? 
IV? 

Ill 
III 
III 

IV? 

Ill 

III 

IV? 

Ill 
I 
I 

IV? 

Ill 

IV? 
IV? 

I 

IV? 
IV? 
IV? 


May  be  slightly 
affected  by  Cr 
\  4540  64 


Furnace  line  may 
be  due  to  C 


Furnace  line  may 
be  due  to  C 

Furnace  line  may 
be  due  to  C 

These    Hues    are 
given  very 
strongly  by 
vapor  near 
ends     of     fur- 
nace tube 

SimilartoXX4657 
and  4668 


*Occurrence  uncertain  on  at 
weak  in  furnace,  if  present  at  all. 


count  of  strong  carbon  spectrum  at  bij 
Provisionally  placed  in  Class  IV. 


I  temperature,  but  Ti  lines  are 


ARTHUR  S.  KING 
TABLE  I — Continued 


Nearest 
Solar  Line 
(Rowland) 


Furnace 


High 
Temp. 


Medium 
Temp. 


Low 
Temp. 


4691 .02. 
4691 . 50 . 

4693 -88. 

4697.13. 
4698.97. 
4709  IS- 
4710,38. 
4715-48. 
4722.79. 

4723 -35  • 
473I-3S- 
4733  57  • 
4734.86. 

4742  32 ■ 
4742.98. 
4747.46. 
4747  87. 
4758 ■ 30 • 
4759.08. 
4759-43- 
4764.10. 
4766.51. 
4769.98. 
4771-30- 
4778.43- 
4780.17. 
4781.90. 
4792.70. 
4796.41. 
4798.17. 
4800 . 00 . 
4805 . 24 . 
4805 . 60 . 
4808 . 70 . 
4811.27. 
4812.43. 
4819.25. 
4820.59. 
4825.65. 
4827.76. 
4836.29. 
4841.08. 
4844.16. 
4848 . 60 . 
4856. 20. 
4864.39. 
4868.42. 
4870.31. 
4881.13. 
4882.54. 
4885.25- 


-977 
-523 
-852 
.101 
.946 
-153 
-368 

■  474 
-797 
-359 
■356 
.604 
-847 
■307 
-979 
.469 
.868 
.308 
.107 

■  463 
.108 
.621 
.991 
.279 
.441 
.  169 

-913 
.702 

-373 
.  169 
.984 
.285 
.606 
-733 
-235 
-427 
-205 

•593 
.666 
.804 
■i^i 
-074 
.210 
-605 
-203 
-362 
-451 
-323 
.128 
-518 
.264 


Tr. 
Tr. 


Tr. 
Tr. 


IV? 

11 
II  A 
IV? 

II 
IV? 

Ill 

II  A 
III 
III 
III 

III? 
IV? 
IV 
III 

III  A 
III 
III 

III  A 
III 
VE 
III 
III 

III  A 
III 
VE 

III  A 
III 
III 
III 
III 
VE 
III 
IV 
IV 
III 
IV 
II 
IV 
IV? 
Ill 
I 

IV 
IV 
III 
III 
III 
III 
IV 
IV 

II 


May  be  slightly 
aflfectcdby  V 
blend 


Blend  with 
strong  I'  line 


VARLiTIOX  OF  ELECTRIC  FURNACE  SPECTRUM  OF  Ti     153 
TABLE  I — Continued 


Nearest 
Solar  Line 
(Rowland) 


Arc 

Furnace 

High 

Medium 

Low 

Temp. 

Temp. 

Temp. 

I 

2 
20 

Tr. 

I 
Tr. 
15 

7 

I 

I 

2 

Tr. 
6 

2 

20 

12 

7 

I 

5 

4 

I 

10 

8 

2 

12 

9 

2 

5 

5 

I 

4 

10 

3 

12 

10 

2 

4 

12 

3 

8 

4 

Tr. 

3 
I 

4 

2 

3 
2 

5 

I 

S 

3 

I 

6 

6 

2 

6 

s 

I 

10 

4 

I 

I 
5 

''J- 

Tr. 

10 

8 

2 

60 

5or 

30 

20 

10 

9 

3 

5° 

40r 

25 

18 

8 

12 

12 

6 

45 

40r 

25 

18 

10 

15 

5 

40 

35 

20 

15 

7 

15 

12 

5 

18 

10 

3 

■50 

S°r 

30 

25 

20 

15 

12 

6 

25 

20 

IS 

8 

25 

20 

15 

8 

20 

18 

12 

7 

18 

8 

4 

Tr. 

25 

IS 

12 

4 

25 

15 

12 

4 

25 

15 

10 

3 

22 

30 

20 

IS 

6 

9 

4 

I 

7 

12 

5 

I 

2 
5 

I 
10 

4 

I 

8 

* 

3 

* 

03- 

26. 

64. 

10. 
15- 
28. 
80. 
40. 
05- 
96. 
59. 
34. 
5°- 
93- 
47- 
76, 
18. 
39 
49 
94. 
74. 
21 
50 
99 
95 
39 
93 
30 
24 
27 
68 
16 
35 
79 
47 
39 
29 
20 
02 
01 
75 
08 
6s 
59 
14 
79 
75 
43 
58 
06 
29 


.047 
.228 
.606 

•  095 
.152 
.283 
.803 
.414 
.047 

■  963 
.594 
.334 

•  S" 
.902 

.467 
.752 
.120 
.368 
.431 

•  903 
.769 
.281 

•  530 
7  056 

.891 
.372 
.912 
.325 
.247 
.283 
.689 
.165 
.398 
.829 
.479 
.369 

•  340 
.208 
.052 
.027 

■  749 
.189 

.645 
■579 

■  138 
.787 
.761 

•  394 
.582 
.056 
.261 


IV 
IV 

IV 

III 

IV 
III  A 

III 

III 

III 

III 

IV 
III  A 

III 
III  A 

IV 

IV 
III  A 

IV 
III  A 

III 

III 

III 

III 

IV 

IV 

III 
II 
III 
II 

lA 

II 
III  A 

II 
I  A 

III 

II 

II 

II 

II 

II 

III 

II 

II 

II 

I 
III  A 
III  A 

IV 
III  A 
IV? 
IV? 


X  by  Hasselberg. 
Not  given  by 
Exner  and 
Haschek 


Given  strongly 
by  vapor  near 
ends  of  furnace 
tube. 
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TABLE  1— Continued 


Nearest 
Solar  Line 
(Rowland) 


5062. 27. 
5064.25. 
5064 . 79 . 
5066.15. 
S06S . 48 . 
5069 . 50 . 
5071 -63 • 
S085.50. 
5087.22. 
5098.56. 
5103  32 • 
5109.60. 
Siii-23- 
5113-60. 
S120.59. 

SI47-63- 
5152-35- 
SI73-92- 
5186.49. 
5188.80. 

5193- 12. 

5194.21. 

5201. 29. 
5206.57. 
5  208 . 04 . 
S2IOS9- 
52I2-47- 
5218.24. 
5219.86. 
5222.87. 
5223.82. 

S224SO- 

S224-7S- 
5225.12. 
5226.75. 
5238.76. 
5246.28. 
5246.72. 
5247.46. 

S2SI.IO- 

5252.23. 
5255-98. 

5260. 15 . 

5263.68. 

5266. lO. 

5282.51. 
5283.60. 
5284.52. 
5295-96. 
5297-40. 


.285 

.244 

.836 

.174 
.485 

592 
.666 
.513 

■  239 
.492 
.297 
.601 
.138 
.617 
.592 
.636 
.652 
.361 
.917 
.497 
.863 

■  139 
.216 
.  260 

■215 

■  038 

•  555 
■503 
.369 
.875 
.849 
.791 

•  471 
.712 

.  lOI 

.707 
.742 
.310 

•  733 
.466 
.085 
.276 

.973 
.142 
.669 
.141 
.576 
.613 
•453 

•  955 
.407 


FOENACE 


High 
Temp. 


3 
Tr. 
30 


3oi? 


iSR 

6 

4 

3? 

3 
40;? 

2 
Tr. 
15 

4 


20 

18 

3 

3 

4 

I 

I 

5 
3 

I 

2? 

I 

30 


Tr. 
Tr. 
Tr. 


Ill 
IV 
I 
III 

IV 
IV 

III 
m 
III 

IV? 
IV? 

III? 

IV? 

Ill 
III 

II 

lA 

lA 

I 

III 

VE 

I 

IV  A 
III 

III? 
Ill 
I 

III 
IV 
lA 
III 
III 
III 
III 
III 
VE 

III  A 
V 

III  A 
III 

III  A 
lA 
HI 
IV 
III 
III 

III  A 
III 

III  A 
III 
III 


Similar  to 
X 5040. 14 


Blend    with    Cr. 
Probable  in- 
tensity   of   Cr 
line  subtracted 
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TABLE  I — Continued 


Nearest 

Solar  Line 

Arc 

{Rowland) 

.672 

152 

974 

517 

670 

261 

«27 

782 

371 

203 

77« 

344 

357 

823 

979 

421 

474 

349 

938 

507 

797 

369 

860 

721 

414 

916 

2 

436 

6 

901 

8 

6S2 

6 

078 

5 

374 

5 

3&7 

12 

117 

8 

872 

2 

741 

25 

5b3 

20 

753 

25 

700 

9 

365 

18 

796 

5 

374 

12 

iSS 

4 

647 

9 

149 

2 

694 

10 

876 

6 

317 

3 

098 

4 

120 

3 

308 

9 

.671 

4 

High 
Temp. 


Low 
Temp. 


6 
3 

8 
4? 


Ill 
III  A 

VE 

niA 

IV? 

Ill 

III  A 

III 
III  A 

III 

lA 

III 

IV 

II 

VE 
III  A 

lA 

ni 

III  A 

III  A 
II  A 

III  A 

III  A 
lA 
III 

III  A 
II 
III 
III 
lA 
III 
II 
III 

III  A 
II 
II 
II 
III 
III 
IV 
III 
III 

III  A 
III 
III 
III 
IV 
IV 
IV 
III 
III 


Slightly   affected 
by  Cr  in   fur- 


Blend    with    Fe. 
Probable  in- 
tensity   of    Fc 
line  subtracted 

Blend  with  C  at 
high  tempera- 
ture 


Blend  with  C  at 
high  tempera- 
ture 

Blend  with  C  at 
high  tempera- 
ture 


IS6 
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TABLE  l—Conlimied 


Nearest 
SoLAK  Line 
(Rowland) 


Fdknace 


High   Medium   Low 
Temp.   Temp.  Temp. 


■19s 

•  432 

■  los 
.037 

•  479 
•SSO 
.250 
.024 

•  193 
.715 
.681 
.910 
.675 

•  49° 


.518 
■555 
.773 

•  334 
03s 

■  985 
.386 
■05s 
.768 

■  785 
.916 
.247 
.  204 
.920 
.853 
.470 
■395 

■  030 

•  870 
•215 

•  435 
■72s 

■  445 

■  95° 
.424 
.360 
.700 
•552 

•  322 
.927 


3 
35 


3« 
Tr. 


Tr. 

I 
15 


III 
III 
IV 
IV 
IV 
IV 
IV 
IV 
IV 

ni 

IV 
IV 
IV 

III 
II 

III  A 


II 

III  A 
II 
II 

III  A 

II  A 
II 
II 
II 
III 
V 
III 
IV 
III 

II  A 
II 
III 
III 
III 
III 
II 
IV 
III 
III 
III 
III 
III 
III 
II 
II 


Relatively  weak 
at  high  tem- 
perature, 
though  slightly 
wider  than  at 
medium  tem- 
perature 

Similar  to 
X  5867 

Similar  to 
\  5867 


May  be   close 
double 
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TABLE  I — Continued 


Nearest 
Solar  Line 
(Rowland) 


High      Medium     Low 
Temp.      Temp.     Temp. 


6261 
6303 
6312 
6318 

6366 
6497 
6508 
6546 
6554 
6556 
656s 
6575 
6599 
6743 
6861 
7039 
7069 
7190 
7209 
7216 
7245 
7252 
7345 
7358 
7364 


316 
98s 
456 
329 
329 
564 
840 
380 
479 
470 
308 
783 
270 
353 
381 
770 
040 
350 
159 
780 
482 
152 
032 


II 

III 

III 

III  A 

III 

III 

III  A 

III  A 

III 

III 

III 

V 

V 

III  A 

III  A 

III 

IV 

IV 

IV? 

Ill 

III 

III 

III 

IV 

IV 

IV 


The  photographic 
sensitiveness 
decreases    rap- 
idly in  this  re- 
gion. The  rela- 
tiv'e     faintness 
of  the  medium 
temperature 
spectrum    and 
the  absence  of 
low-tempera- 
ture lines  may 
be  in  part  due 
to   this   condi- 
tion 


*A  according  to  Fiebig  (International  System). 

lines  for  titanium  are  among  the  weaker  arc  lines,  being  usually 
below  intensity  4,  and  appear  only  at  the  highest  furnace  temper- 
ature, sometimes  faintly  at  medium.  Their  intensity  at  high  tem- 
perature, however,  is  comparable  with  that  in  the  arc.  Class  V, 
which  for  the  iron  spectrum  embraces  a  large  number  of  lines, 
frequently  very  strong  in  the  arc  but  faint  or  absent  at  the  highest 
furnace  temperature,  is  hmited  for  titanium  almost  entirely  to  the 
enhanced  Knes.  The  latter  are  indicated  for  brevity  as  V  E. 
This  difference  is  based  on  an  important  feature  of  the  titanium 
spectrum,  in  that  almost  all  Hnes  of  the  arc  spectrum,  excepting 
enhanced  lines,  can  be  produced  with  fair  strength  in  the  furnace. 
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GENERAL   CHARACTERISTICS   OF   THE   FURNACE    SPECTRUM 

1.  Lines  divided  according  to  initial  appearance. — The  titanium 
lines  may  readily  be  classed  as  low-,  medium-,  and  high-temperature 
lines,  according  to  the  stage  at  which  they  first  appear,  by  an 
inspection  of  the  three  columns  of  Table  I  devoted  to  the  furnace 
intensities.  On  this  basis,  hnes  of  Classes  I  and  II  belong  to  low 
temperature,  those  of  Class  III  to  medium,  and  those  of  Class  IV 
to  high  temperature.  Lines  of  Class  V  for  titanium,  these  being 
chiefly  enhanced  hnes,  are  produced  with  great  difficulty  if  at  all 
by  the  furnace,  requiring  the  discharge  conditions  of  an  electrical 
source  to  give  them  stronglj'.  This  basis  of  division  leaves  out  of 
account  the  rate  of  strengthening  wdth  increase  of  temperature, 
which  is  perhaps  the  most  importaiit  feature  of  the  classification 
here  used. 

2.  Important  types  of  furnace  lines. — Titanium  shows  compara- 
tively few  Hnes  for  which  a  low  temperature  is  especially  favorable. 
Nineteen  lines  are  placed  in  Class  I,  ten  of  which,  owing  to  their 
relative  weakness  in  the  arc.  belong  to  the  sub-class  I  A.  When 
the  spectrum  was  photographed  with  the  i -meter  concave  grating, 
a  lens  of  much  shorter  focal  length  was  used  to  focus  the  fight  from 
the  tube  on  the  sfit  than  was  employed  with  the  large  spectrograph. 
By  suitable  adjustment  of  this  lens,  the  slit  could  be  illuminated 
mainly  by  fight  near  the  end  of  the  furnace-  tube  rather  than  from 
the  middle  of  its  length.  The  resulting  spectrum  was  essentially 
the  same  as  that  photographed  by  the  plane  grating  at  the  same 
temperature,  but  the  concave  showed  an  exaggerated  intensity 
for  the  fines  of  Class  I,  as  if  there  were  enough  difference  between 
the  temperatures  at  the  middle  and  end  of  the  tube  to  give  an 
unusual  strength  to  these  lines.  This  gave  additional  e\-idence 
of  their  low-temperature  origin. 

A  large  proportion  of  the  strongest  lines  in  the  spectrum,  both 
for  the  arc  and  for  the  furnace,  belong  to  Class  II.  In  addition  to 
isolated  lines  and  small  groups  throughout  the  spectrum,  three 
notable  collections  of  Class  II  fines  are  found  near  X  4300,  X  4530. 
and  X  5000.  About  the  same  rate  of  intensity  increase  from  low 
to  high  temperature  is  observed  for  most  of  the  fines  of  this  class, 
and  the  scale  adopted  usually  places  the  fine  given  by  the  high- 
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temperature  furnace  as  about  equal  in  strength  to  that  of  the  arc. 
Multiplj-ing  the  intensity  at  medium  temperature  by  2  and  that 
at  low  temperature  by  3  will  give  approximately  equal  values  for 
the  arc  and  the  three  furnace  intensities  in  the  case  of  most  of  the 
Class  II  hues. 

The  lines  of  Class  III,  which  appear  distinctly  at  about  2300° 
C,  are  very  numerous  for  titanium.  A  part  of  the  lines  of  this 
class  are  strong  also  in  the  arc,  but  one  of  the  most  striking  features 
of  this  spectrum  is  the  large  number  of  Class  III  A  hnes,  especially 
to  the  red  of  X  4300.  The  greater  part  of  these  are  not  more  than 
half  as  strong  in  the  arc  as  in  the  high-temperature  furnace,  while 
many  would  not  show  at  all  if  a  strongly  exposed  arc  spectrum  had 
not  been  used  for  this  comparison.  The  total  number  (64)  of  these 
Class  III  A  hnes  is  so  large  as  to  be  accounted  for  only  as  showing 
a  real  physical  condition  whereby  only  a  narrow  range  of  temper- 
ature excitation  is  favorable  for  their  production.  They  do  not 
show  at  the  lowest  temperature,  and  they  weaken  under  the  condi- 
tions of  the  arc  discharge.  The  less  numerous  lines  in  Classes  I  A 
and  II  A,  the  former  of  which  is  important  in  the  iron  spectrum, 
are  similar  to  those  of  Class  III  A  in  their  arc  behavior  but  appear 
at  lower  furnace  temperatures.  If  the  arc  spectrum  be  considered 
as  resulting  mainly  from  a  higher  temperature  stage  than  that  of 
the  furnace,  the  hght-\dbration  emitting  Class  III  A  Hnes  is  given 
strongly  by  a  degree  of  this  excitation  embraced  between  narrow 
limits.  An  alternative  view  is  that  there  is  a  fundamental  differ- 
ence in  kind  between  the  arc  and  the  furnace  in  the  method  of 
causing  the  light-vibration.  When  extensive  material  for  the 
furnace  spectra  of  a  number  of  elements  is  available,  a  comparison 
with  the  spectrum  of  the  arc  under  various  conditions  may  justify 
a  more  definite  conclusion  than  it  is  at  present  possible  to  draw. 

The  nebulous  hnes,  indicated  by  n  in  the  intensity  column, 
are  distinctly  favored  by  the  arc  conditions.  Unhke  the  nebulous 
lines  of  iron,  the  furnace  at  high  temperature  gives  those  of  titanium 
with  considerable  intensity,  but  their  strength  falls  off  rapidly  at 
medium  temperature,  where  in  most  cases  they  are  faint.  With 
one  exception  (X  3904.99),  these  lines  belong  in  Classes  III  and  IV. 
Their  diffuseness  is  usually  less  marked  in  the  furnace  than  in  the 
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arc.  This  probably  results  from  the  furnace  being  operated  in 
a  partial  vacuum,  which  should  result  in  a  sharper  appearance  for 
lines  of  this  kind.  An  important  group  in  the  yellow,  however, 
consisting  of  XX  5763,  5767,  5774,  5786.  5804.  retains  some  diflfuse- 
ness  at  the  high  temperature  of  the  furnace. 

3.  Change  of  general  intensity  with  wave-length. — The  data  on 
this  point  have  been  obtained  from  films  taken  with  the  i-meter 
concave  grating,  covering  at  one  e.xposure  the  visible  spectrum. 
As  a  salicylic  acid  filter  was  generally  used,  absorbing  light  of  wave- 
length shorter  than  X  3500,  there  are  as  yet  but  few  data  on  the 
extension  into  the  ultra-violet  with  changing  temperature.  From 
several  films  taken  without  absorbing  filter,  however,  the  condition 
appears  to  be  similar  to  that  observed  for  iron,  namely,  that  Hnes 
farther  to  the  violet  appear  as  the  temperature  rises. 

The  distribution  of  line  intensities  in  the  visible  spectrum  also 
resembles  that  for  iron,  and  does  not  correspond  with  what  would 
be  expected  if  the  metallic  vapor  followed  closely  the  intensity- 
gradation  shown  by  the  spectrum  of  an  incandescent  sohd.  With 
spectra  at  different  temperatures  taken  on  the  same  film,  the  red 
end  suffered  a  greater  weakening  at  low  temperature  than  the 
violet,  Hnes  to  the  red  of  X  5300  being  faint  at  lower  temperatures 
even  with  the  bright  spectra  of  this  instrument.  It  is  somewhat 
difficult  to  say  what  should  be  expected  in  this  regard,  on  account 
of  the  lack  of  known  series  and  the  tendencj-  of  lines  of  certain 
classes  to  collect  in  groups,  but  it  is  clear  that  the  strong  low- 
temperature  Unes  do  not  extend  beyond  the  green,  the  red  end 
requiring  a  temperature  of  about  2400°  to  show  any  considerable 
number  of  lines. 

A  comparison  of  the  arc  and  the  furnace  in  this  regard  shows 
a  more  distinct  relation.  When  an  arc  spectrum  was  taken  on  the 
same  film  with  that  of  the  furnace,  the  latter  being  hot  enough 
to  show  lines  throughout  the  visible  region,  the  general  intensit}' 
of  the  arc  spectrum  increased  toward  the  violet  more  rapidly  than 
the  furnace  spectrum.  As  the  comparison  arc  could  not  conven- 
iently be  placed  in  the  same  position  as  the  furnace  tube,  a  differ- 
ent optical  system  was  required  in  focusing  the  image  on  the  sHt. 
Quartz  windows  and  lenses  were  used  throughout  for  work  with  the 
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concave  grating,  and  when  the  arc  was  used  in  front  of  the  furnace 
and  with  a  lens  of  shorter  focus  than  that  used  for  the  furnace 
photograph,  approximately  the  same  degree  of  absorption  was 
attained  for  each  source.  The  steady  strengthening  of  the  arc 
spectrum  toward  shorter  waves  in  comparison  with  the  furnace 
spectrum  was  then  very  decided.  The  effect  could  be  varied  in 
an  interesting  way  by  placing  the  arc  off  to  one  side  and  reflecting 
its  light  from  a  silvered  mirror  through  the  lens  used  for  the  furnace. 
The  decrease  toward  the  violet  in  the  reflecting  power  of  the  mirror 
then  served  almost  to  equalize  the  general  intensity  of  the  arc  and 
furnace  spectra,  though  a  slight  strengthening  toward  the  \'iolet 
remained  for  the  arc.  The  comparison  of  the  arc  and  furnace  thus 
shows  a  different  relation  from  that  which  seems  to  hold  for  differ- 
ent temperatures  of  the  furnace,  the  evidence  at  present  being 
that  the  movement  of  higher  intensities  toward  the  violet  for  the 
arc  does  not  result  from  temperature  difference  alone.  Evidence 
from  the  spectra  of  other  elements  is  needed  on  this  point. 

4.  Absence  of  the  band  spectrum. — The  numerous  flutings  in  the 
titanium  spectrum,  extending  from  the  green  into  the  red  and 
always  shaded  toward  greater  wave-length,  are  well  known.  They 
are  given  by  the  metal  in  the  carbon  arc  when  burning  in  open  air, 
and  observers  have  generally  followed  Fowler  in  ascribing  them  to 
the  oxide,  though  Kayser'  considers  this  as  not  fully  proved,  since 
the  oxide,  which  gives  them  most  strongly,  may  always  be  dissoci- 
ated in  the  arc  or  spark,  in  which  case  the  band  spectrum  might 
come  from  the  metal.  The  furnace,  as  used  in  this  investigation, 
does  not  show  the  band  spectrum,  which  makes  it  improbable  that 
this  comes  from  the  metal  itself.  This  fact  was  very  clear  on  many 
plates  and  films  taken  with  both  the  large  and  small  spectrographs, 
in  which  strong  bands  were  given  by  the  arc  used  for  comparison, 
but  no  trace  of  these  appeared  in  the  furnace  spectra,  sometimes 
taken  for  three  different  temperatures  on  the  same  plate.  This 
shows  clearly  that  vaporization  at  lower  temperature  than  the 
arc,  at  least  in  the  range  employed  here,  does  not  give  the  bands 
for  the  metal  itself.  I  have  not  made  tests  at  atmospheric  pressure 
or  with  any  titanium  compounds  to  see  under  what  conditions  the 

■  Handbuch  der  Spectroscopic,  6,  704. 


i62  ARTHUR  S.  KING 

bands  will  appear  in  the  furnace.  The  small  amount  of  oxygen 
remaining  when  the  furnace  is  pumped  out  is  probably  taken  up 
rapidly  by  the  carbon  tube,  so  that  the  furnace  is  a  favorable  source 
for  tests  as  to  whether  a  pure  metal  gives  a  banded  spectrum. 

COMP.A.RISON    WITH   THE    ARC   SPECTRUM 

One  of  the  most  striking  features  of  the  titanium  furnace  spec- 
trum is  its  richness  in  Knes  as  compared  with  the  arc  spectrum. 
The  preceding  table  contains  625  lines.  Of  these  only  9  are  placed 
in  Class  V.  These  appear  in  the  arc  (all  of  low  intensity),  but 
could  not  be  identified  with  certainty  in  the  furnace  spectrum. 
Forty-four  other  lines  occur  in  the  arc  tables  of  E.xner  and  Haschek 
and,  strictly  speaking,  should  go  into  Class  V;  but  they  are  so 
very  faint,  some  of  them  not.appearing  at  all  on  my  arc  photographs, 
that  little  would  be  gained  by  entering  them.  This  means  that, 
aside  from  the  enhanced  lines,  almost  the  entire  arc  spectrtmi, 
up  to  a  certain  low  minimtim  of  intensity,  is  given  by  the  high- 
temperature  furnace  with  an  intensity  so  nearly  comparable  with 
that  of  the  arc  as  to  justify  placing  the  lines  at  least  in  Class  IV. 
The  capacity  of  the  furnace  to  produce  difficult  lines  has  not  been 
fully  tested.  It  was  shown  in  a  former  paper"  that  the  stronger 
enhanced  lines  between  X  4300  and  X  4600  were  given  faintly  at 
the  highest  temperature  of  the  furnace,  and  longer  exposures  under 
these  conditions  would  doubtless  add  to  the  list.  The  furnace, 
however,  is  at  a  decided  disadvantage  in  producing  the  enhanced 
lines,  which  have  been  shown,  especially  by  the  latest  experiments 
with  the  tube-arc'  to  require  physical  conditions  distinctly  different 
from  those  favorable  to  the  arc  lines. 

In  the  relative  richness  of  the  arc  and  furnace  spectra,  titanium 
offers  a  strong  contrast  to  the  conditions  observed  for  the  iron 
spectrum,  where  a  large  number  of  lines,  frequently  strong  in  the 
core  of  the  iron  arc  and  not  to  be  classed  as  enhanced  lines,  required 
as  extreme  conditions  of  furnace  temperature  as  have  been  needed 

'  Contributions  from  the  Mount  Wilson  Solar  Obsenalory,  No.  65;  Aslrophysical 
Journal,  37,  119,  1913- 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  73;  Astrophyrical 
Journal,  38,  315,  1913- 
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for  the  titanium  enhanced  lines.  In  the  study  of  the  iron  spectrum,' 
it  was  shown  that  different  regions  of  the  arc,  from  the  core  to  the 
outer  envelope  of  vapor,  affected  the  relative  intensities  of  various 
groups  of  lines  in  much  the  same  way  that  they  are  affected  by 
different  temperatures  of  the  furnace.  A  horizontal  section  of  the 
arc  projected  upon  the  slit  of  a  plane-grating  spectrograph  thus 
served  to  give  a  classification  of  lines  similar  in  its  main  features 
to  that  given  by  the  furnace.  The  titanium  arc  has  also  been 
examined  in  this  way,  both  photographically  and  visually.  Cur- 
rents of  5  to  20  amperes  were  employed  with  either  loaded  carbon 
terminals  or  electrodes  of  the  metal.  The  arc  under  these  condi- 
tions consists  of  a  brilliant  column  of  vapor  of  rather  uniform 
luminosity  throughout  its  width.  It  would  be  difficult  to  pick 
out  the  furnace  classes  in  the  spectrum  of  this  arc,  as  may  be  done 
to  some  extent  with  the  iron  arc.  ]\Io§t  of  the  arc  lines  show  about 
the  same  gradual  diminution  of  intensity  from  the  core  to  the  out- 
side of  the  luminous  column,  where  the  lines  end  rather  abrupt Iv, 
probably  as  a  result  of  the  titanium  spectrum  requiring  a  fairly 
high  temperature  to  show  any  of  its  lines.  The  most  decided 
"core  lines"  of  titanium  are  the  enhanced  lines.  These  are  much 
strengthened  by  the  innermost  arc  vapor,  especially  toward  the 
poles.  It  has  been  noted  that  the  enhanced  lines  are  given  faintly 
at  the  highest  furnace  temperatures.  Taken  as  a  whole,  a  certain 
measure  of  agreement  is  to  be  observed  between  the  intensities  of 
titanium  lines  in  different  parts  of  the  arc  and  their  behavior  in  the 
furnace  at  various  temperatures,  but  the  arc  is  not  a  favorable 
source  for  the  division  of  the  lines  into  classes. 

EXPLANATION    OF   PLATE   V 

The  two  sections  of  spectra  in  Plate  V  cover  the  range  from 
X  5867  to  X  6366,  the  spectra  being  that  of  the  arc  (a  and  e)  and  of 
the  furnace  at  2600°,  2400°,  and  2150°  C,  respectively.  The  five 
spectra  were  photographed  on  the  same  plate  and  are  in  many 
ways  typical  of  the  appearance  of  titanium  lines  in  arc  and  furnace. 
The  exposure  times  for  the  arc  were  4""  and  i"  and  for  the  three 

'  Coiilributions  from  the  Mount  Wilson  Solar  Observatory,  No.  66,  32;  Aslrophysical 
Journal,  37,  270,  igi3. 
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furnace  temperatures  3™,  10",  and  70"°,  respectively.  It  is  thus 
seen  that  in  this  region  of  the  spectrum  the  absolute  brightness  of 
the  high-temperature  furnace  is  of  the  same  order  as  that  of  the 
arc.  The  intensity  at  medium  temperature  can  be  made  closely 
comparable  with  that  at  high  temperature  by  trebling  the  exposure 
time,  while  the  low  temperature  brings  out  these  orange  and  red 
lines  with  great  difficulty.  An  exposure  of  at  least  5  hours  would 
have  been  required  to  give  the  low-temperature  spectrum  the  same 
average  strength  as  the  others.  The  reason  for  this  is  not  yet 
clear,  but  the  condition  plainly  exists  for  this  spectrum  and  for 
iron.  The  fainter  arc  spectrum  (e)  shows  the  stronger  lines  of 
about  the  same  intensity  as  the  high-temperature  furnace,  but  a 
number  of  Hnes  which  are  distinct  in  the  furnace,  such  as  XX  5881. 
5904,  5919,  5938,  6065,  6304.  6312.  6336.  6366,  require  prolonged 
exposure  of  the  arc  to  give  them  a  strength  equal  to  that  in  the 
furnace.  The  condition  holds  throughout  the  spectrum  that  an 
arc  photograph  strong  enough  to  give  the  majority  of  the  Knes  of 
about  equal  strength  in  arc  and  furnace  shows  only  faintly  many 
lines  which  are  strong  in  the  furnace  spectrum.  The  titanium- 
oxide  bands  shaded  toward  the  red  are  visible  in  the  arc  spectrum 
(a)  but  not  in  that  of  the  furnace.  The  flutings  given  by  the 
furnace  {b)  are  due  to  carbon. 


1.  The  foregoing  study  of  the  titanium  spectrum  covers  the 
range  of  wave-length  from  X  3888  to  X  7364,  the  spectra  given  by 
three  furnace  temperatures  being  compared  among  themselves 
and  with  that  of  the  arc  with  reference  to  the  temperature  at  which 
a  line  appears  and  its  rate  of  strengthening  with  increase  of  tem- 
perature. 

2.  A  considerable  number  of  the  strongest  lines  appear  at  about 
2100°  C,  some  of  them  showing  a  relatively  high  intensity  at  this 
temperature. 

3.  A  large  proportion  of  the  titanium  lines  appear  first  at  about 
2300°  C.  and  usually  show  a  rapid  intensification  at  2600°. 

4.  A  furnace  temperature  of  2600°  C.  brings  out  almost  all  lines 
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appearing  in  the  arc  with  the  exception  of  the  enhanced  lines. 
Traces  of  the  latter  can  also  be  obtained  under  these  conditions. 

5.  The  relative  weakness  in  the  arc  of  many  furnace  lines, 
observed  also  for  some  hnes  of  iron,  is  an  important  feature  of  the 
titanium,  spectrum.  Most  of  the  Hnes  of  this  kind  are  moderately 
strong  in  the  furnace  at  medium  and  high  temperatures. 

6.  Lines  of  nebulous  appearance  are  high-temperature  lines 
and  are  usually  much  stronger  in  the  arc. 

7.  The  strong  low-temperature  hnes  occur  in  the  blue  end  of 
the  spectrum,  higher  temperatures  being  required  to  give  distinctly 
the  hnes  in  the  yellow  and  red.  The  arc  spectrum  shows  a  gradual 
increase  toward  shorter  wave-length  in  the  average  intensity  of 
lines  as  compared  with  the  furnace  spectrum. 

8.  The  band  spectrum  does  not  appear  when  titanium  metal 
is  vaporized  in  the  vacuum  furnace  at  temperatures  ranging  from 
2000°  C.  to  2600°  C.     It  is  usually  ascribed  to  the  o.xide. 

JIouNT  Wilson  Solar  Observatory 
August  30,  1913 


THE  DEPTH  OF  THE  REVERSIXG  LAYER 
Bv  S.  A.  MITCHELL 

In  investigating  the  wave-lengths'  of  the  chromosphere  from 
spectra  obtained  at  the  total  eclipse  of  1905,  it  became  necessary 
to  compare  the  intensities  of  the  lines  of  the  chromosphere  with  the 
corresponding  lines  from  Rowland's  tables.  To  make  identifica- 
tion of  lines  more  certain,  comparisons  were  made  of  the  intensities 
of  the  arc  and  spark  spectra.  For  each  of  the  2841  lines  measured 
in  the  flash  spectrum,  there  are  thus  given  the  intensities  of  chromo- 
sphere. Rowland,  arc,  and  spark.  In  addition  to  these  intensities, 
measures  were  made  of  the  heights  above  the  sun's  surface  of  the 
vapors  forming  each  of  the  chromospheric  lines.  Such  measures  of 
eclipse  spectra  give  practically  the  only  means  available  for  deter- 
mining the  depth  of  the  reversing  layer. 

On  account  of  St.  John's  discussion^  of  "The  Distribution  of  the 
Elements  in  the  Solar  Atmosphere"  the  depths  of  the  reversing 
layer  and  the  relative  intensities  of  the  spectrum  lines  assume  a 
rather  unusual  importance. 

St.  John's  article  gave  the  data  for  testing  Abbot's  interesting 
theory  of  the  formation  of  the  Fraunhofer  lines  as  outlined  by  him 
in  his  book.  The  Sun,  pp.  251-252.  In  brief.  Abbot's  idea  is  that 
the  level  at  which  a  Fraunhofer  line  originates  is  not  sharp!}' 
bounded,  but  that  some  portion  of  the  whole  depth  of  the  gas  is 
more  effective  than  all  the  rest  in  the  production  of  the  line. 

From  the  point  of  view  that  no  light  from  the  continuous  spectrum  back- 
ground appears  in  the  Fraunhofer  lines,  and  that  their  relative  intensities 
depend  upon  the  light  in  the  lines  emitted  by  the  gases,  it  is  evident  that  light 
of  the  wave-length  considered,  coming  from  the  lowest  depths  from  which  it 
can  reach  the  surface,  emerges  greatly  weakened  by  absorption  and  scattering; 
that  light  from  the  lesser  depths  is  greatly  weaicened  because  of  lower  tempera- 
ture; and  that  it  is  the  layer  between  these  temperatures  that  may  be  con- 
sidered the  effective  layer. 

The  data  available  to  St.  John,  ])arlicukirl_\-  in  regard  to  the  depths 
of  the  reversing  layer,  were,  unforlunateh".  too  meager  to  adetiuatel\' 
test  Abbot's  theory. 

■  Aslrophysicdl  Journal,  38,  407,  1913.  'Ibid.,  38,  157,  1913. 
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Since  the  flash  spectrum  was  photographed  h\  a  grating  without 
a  slit,  it  was  eas}-  to  obtain  the  heights  of  the  vapors  forming  each 
line  of  the  spectrum  b}'  measuring  the  lengths  of  the  cusps  forming 
the  lines  of  the  flash  spectrum.  As  a  matter  of  fact,  this  was  done' 
by  laying  a  glass  protractor  on  top  of  a  sixfold  enlargement  of  the 
flash  spectnmi,  and  reading  off  the  angular  length  of  the  chromo- 
spheric  cusps.  A  small  table  calculated  with  the  sun's  semi- 
diameter  equal  to  i5'5o"7.  and  the  moon's  augmented  semi-diameter 
equal  to  i6'35"7.  gave  the  corresponding  heights  in  kilometers. 
It  was  found  that  H  and  K  extended  14,000  km  above  the  sun's 
surface. 

Among  the  results  derived  from  a  discussion  of  the  1905  eclipse 
spectra  {op.  cil..  p.  494)  are  the  following: 

1.  The  flash  spectrum  is  a  reversal  of  the  Fraunhofer  spectrum. 

2.  The  flash  is  not  an  instantaneous  appearance,  but  the  chro- 
mospheric  lines  appear  gradually.  At  the  beginning  of  totaUty. 
those  of  greatest  elevation  appear  first,  and  at  the  end  of  totality 
remain  the  last.  The  "reversing  layer"  which  contains  the  ma- 
jority of  the  low-level  lines  of  the  chromosphere  is  about  600  km 
in  height. 

3.  Wave-lengths  in  chromospheric  and  solar  spectra  are  prac- 
tically identical. 

4.  The  chromospheric  spectrum  differs  greatly  from  the  solar 
spectrum  in  the  intensities  of  the  lines. 

5.  Those  dift'erences  in  intensity  find  a  ready  explanation  in  the 
heights  to  which  the  vapors  ascend. 

6.  Especially  prominent  in  the  chromosphere  are  the  enhanced 
lines  which  become  stronger,  mainly  because  at  the  heights  to  which 
they  ascend  the  vapors  are  mixed  with  hydrogen  at  reduced  pres- 
sures. 

In  order  to  compare  the  relative  behavior  of  the  various  ele- 
ments, a  statistical  study  was  made  of  intensities  and  heights. 
Each  line  of  the  2841  lines  was  taken  up  in  succession,  and  there 
were  put  down  in  four  different  tables  the  intensities  arranged 
according  to  elements.  Each  hundred  angstroms  of  wave-lengths 
were  tabulated  separately.  There  were  thus  given,  for  each  hundred 
angstroms,  the  total  nvunber  of  lines  for  each  element,  the  various 

■  Ibid.,  38,  423,  1913. 
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intensities  of  these  various  lines,  from  which  were  readily  obtained 
the  total  intensities  of  the  lines  for  each  element,  and  also  the 
average  intensities.  Four  such  tables  were  made,  for  the  flash 
spectrum,  for  the  lines  in  Rowland  with  which  these  lines  were 
identified,  for  the  arc  spectnun  according  to  Exner  and  Haschek. 
and  also  for  the  spark  spectrum  from  the  same  authors.  With 
single  lines  in  the  flash  spectrum  identified  with  single  lines  in 
Rowland  having  single  sources,  this  matter  was  very  simple.  The 
question  was  to  know  how  to  treat  blended  lines,  and  lines  in 
Rowland  of  more  than  one  source.  For  the  case  of  one  line  in  the 
flash  spectrum  corresponding  to  two  lines  in  Rowland  blended 
together,  it  was  thought  that  more  satisfactory  values  would  be 
obtained  if  it  was  imagined  that  such  a  blended  line  in  reality  con- 
sisted of  two  lines  in  the  chromospheric  spectrum.  The  intensity 
of  the  one  actual  chromospheric  line  was  divided  between  the  two 
supposed  lines,  equally  or  unequally,  as  experience  dictated.  This 
method  gave  the  total  numbers  for  the  various  elements  slightl\- 
diff'erent  from  those  obtained  in  the  first  discussion. 

Instead  of  giving  here  the  intensities  for  each  hundred  ang- 
stroms, there  are  given  the  results  for  the  whole  spectrum  from 
X  3318  to  X  6191.  In  the  first  colxmin  is  given  the  element,  in  the 
second  the  total  mmiber  of  lines.  In  the  next  four  columns  are 
given  the  average  intensities  in  Rowland's  tables,  in  the  chromo- 
sphere, and  in  the  arc  and  spark  spectra  as  given  in  Exner  and 
Haschck's  tables.  In  the  following  columns  are  given  various 
ratios  of  these  four  intensities  as  indicated.  Table  I  does  not  give 
a  complete  list  of  all  the  elements  found  in  the  flash  spectrum. 
H,  He,  and  C  are  omitted,  and  also  all  elements  identified  by  few 
lines.  On  account  of  similar  properties  among  the  elements,  which 
become  apparent  from  the  numbers  hereby  tabulated,  the  elements 
are  divided  into  four  groups  as  follows: 

Group  I  contains  Fe.  Ni,  Co.  and  Mn.  This  may  be  called  the 
Fe-group. 

Group  II  contains  Cr.  I',  77,  Zr.  Sr.  Ba.  and  may  be  called  the 
Ti-gToup. 

Group  III  contains  the  rare  earths  Sc.  V.  La.  Cc.  Xd.  Sa.  Er. 

Group  IV  contains  Ca.  Mg.  and  .1/. 
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In  taking  the  average  of  the  intensities  of  Rowland  and  the 
chromosphere  it  was  difficult  to  know  how  to  treat  intensities  of 

0,  00,  000,  etc.     The  rule  was  made  to  treat  intensity  o  as  if  it  were 

1,  to  treat  00  as  J,  000  as  5,  etc. 


Intensities  and  Ratios  Corresponding  to  the  Chromospheric  Lines  in  the 
1905  Eclipse  Spectrtxm 
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Row- 
land 

Chro- 
mo- 
spbere 

Arc 

Spark 

Chro- 
mo- 
sphere 
Rowland 

Spark 

Arc 

Spark 
Chro- 

Arc 

Rowland 

sphere 

I 

II 

(Fe 

Im 

\Co 

[Mn 

(Cr 

V 

Ti 

Zr 

Sr 

Ba 

!Sc 

y 

La 

Ce 

Nd 

Sa 

Er 

(Ca 

Mg 

Al 

727 
IS4 
1 01 
89 

198 
186 
331 
123 
8 
12 

60 

52 

48 
87 
80 

33 

24 

42 
II 
3 

396 
2.72 
2.38 
2.28 

I -95 
I-7S 
2.10 
1.40 
2.46 
364 

2.28 
1.36 
1.08 
1.26 
1.28 
0.73 
1.48 

44- S 
130 
II. 8 

2.14 
1.09 

I. 21 
2. II 

I  .96 
1.72 
3.36 
1.80 
II.  2 
7.07 

3-73 
2-33 
1.72 
1. 61 
1.67 
1. 17 
1 .01 

7.82 
9.  20 

S-S 

S-20 

6.63 

6.S4 
6.63 

4.48 
4.92 
4.48 
3.21 
265.1 
136.2 

1.83 
6.93 
5-89 
4.62 
4.46 
7.12 
5. 78 

54° 
32.7 

1-74 
2.18 
4.72 

s  13 

4.62 
S-9S 
4-74 
5-37 
126.5 
161. 8 

134 
iS-O 
10.4 
378 
4.02 
3-94 
3-47 

46.1 
115.6 

0.54 
0.40 

0.51 
0  93 

1 .00 
0.92 
1.60 
1.29 
4.56 
1.94 

1.64 
1.72 

1 .60 
1.28 

I-3I 

1. 61 
0.68 

0.18 
0.72 
0.47 

0  33 
0-33 
0.72 
0.77 

1 .03 
I.  21 
1.06 
1.68 

I-3I 
2.44 
2.76 
2.89 

2.30 
2.24 
2.13 
2.  29 

0.82 
2.00 
3-94 
2.43 

2.36 
3  46 
1. 41 
2.98 

III..  .. 

1 .  20 

7-33 
2.17 
1.77 
0.82 
0.90 
0.  56 
0.60 

37.4 

0.80 
S-io 

s  46 

3-67 
3  48 
9.76 
3  91 

22.8 

3-6o 
6.44 
6.05 
2.36 
2.42 
3-37 
3  44 

IV. 

The  reasons  for  dividing  the  elements  into  four  groups  will  be 
evident  by  referring  to  Table  I.  Group  IV,  comprising  Ca,  Mg, 
and  Al,  contains  elements  which  have  very  strong  lines  in  the. 
Fraunhofer  spectrum  and  also  in  the  chromospheric  spectrum. 
This  is  Group  I  (op.  cit.,  p.  486),  obtained  by  a  discussion  of  the 
total  numbers  of  lines  in  the  two  spectra. 

Reference  to  the  column  which  gives  the  ratio  of  the  intensity 
of  the  chromosphere  to  that  of  Rowland  shows  that  Groups  II  and 
III  of  Table  I,  comprising  Cr,  V .  Ti.  Zr.  Sr.  Ba.  and  the  rare  earths 
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Sc.  Y.  La.  Cc.  Xd.  Sa,  and  Er.  are  evidently  elements  whose  lines 
are  relatively  stronger  in  the  chromospheric  spectrum  than  in  the 
solar  spectrum.  Together  with  H.  He.  and  C.  these  elements  form 
Group  II  of  the  previous  discussion  (op.  cit..  p.  486). 

Fe.  Ni,  Co.  and  Mn  form  a  group  by  themselves  where  these 
elements  are  represented  in  the  solar  spectra  by  stronger  lines  than 
are  found  in  the  chromosphere. 

Before  taking  up  the  meaning  of  this  division  of  the  elements 
into  groups,  it  might  be  well  to  speak  again  of  the  method  of  deter- 
mining intensities  in  the  chromospheric  spectrum  {op.  cit.,  p.  418). 
Intensities  in  Rowland  and  the  chromosphere  are  both  arbitrary. 
In  Rowland  the  strongest  line,  K,  has  an  intensity  1000,  in  the 
chromospheric  spectrum,  K  has  an  intensity  100.  Necessarily  then, 
the  two  scales  are  not  the  same.  Intensities  in  the  chromosphere 
were  actually  obtained  from  negatives  sixfold  enlarged,  as  given 
in  Plates  XIII  to  XVIII  (op.  cit.).  Such  enlargements  were  at  all 
times  compared  with  a  reduced  photograph  of  Rowland's  Atlas  as 
given  in  Plate  XIV.  This  comparison  insured  that  on  the  average 
the  intensities  for  chromospheric  and  solar  spectra  were  equal  when 
the  intensities  were  less  than  10.  Above  this,  the  increased  scale 
of  Rowland  was  manifest.  As  there  are  comparatively  very  few 
very  strong  lines,  it  is  felt  where  so  many  lines  are  considered  as 
in  Table  I  that  the  average  will  give  results  free  from  systematic 
error.  As  a  matter  of  fact,  96  per  cent  of  the  lines  of  the  chromo- 
sphere have  an  intensity  of  8  or  less. 

Where  there  are  few  lines  as  for  Sr.  Ba.  Mg.  and  Al,  or  where 
there  are  very  strong  lines  as  in  Sr.  Ca.  Mg.  and  Al.  the  averages 
become  unreliable.  With  these  limitations,  therefore,  it  is  felt  that 
the  numbers  in  the  column  giving  the  ratio  of  the  intensities  of  the 
chromospheric  spectrum  to  Rowland  have  a  real  signification,  and 
that  the  division  of  the  elements  into  groups  is  a  rational  one. 

Interesting  figures  are  seen  in  the  column  giving  the  ratio  of  the 
intensities  of  the  spark  to  the  arc.  Intensities  for  both  spark  and 
arc  are  taken  from  Exner  and  Haschek's  tables.  The  great  care 
with  which  this  splendid  work  of  theirs  was  done,  guarantees  that 
on  the  average,  the  intensity  of  the  arc  for  each  element  would  be 
very  approximately  ecjual  to  the  intensity  of  the  spark.     That  this 
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is  not  so  for  the  lines  considered  in  the  chromosphere,  points  to  some 
peculiarity  in  behavior  of  the  elements  and  lines  considered.  Lines 
which  are  stronger  in  the  spark  than  in  the  arc  are  called  "enhanced" 
lines.  Lockyer's  well  known  list  of  enhanced  lines,  though  they 
play  an  important  role  in  the  discussion  of  eclipse  spectra  {op.  cil.. 
p.  487),  are  in  themselves  not  sufficiently  numerous  to  explain  the 
systematic  increases  in  intensities  in  Groups  II  and  III  in  Table  I. 
and  they  would  not  at  all  explain  the  systematic  decrease  for  the 
elements  of  Group  I  whose  lines  total  over  one  thousand. 

The  numbers  giving  the  ratio  of  the  chromospheric  intensities 
to  those  of  Rowland,  and  the  numbers  giving  the  ratio  of  the  inten- 
sities of  the  spark  to  the  arc  might  be  called  more  or  less  equal  to 
each  other  for  each  element.  What  is  the  meaning  of  the  fact  that 
both  the  columns  increase  together  in  Groups  II  and  III  over 
Group  I  ?  (On  account  of  the  strong  lines  present  in  the  elements 
Ca,  Mg.  Al.  and  Sr.  such  as  H  and  K.  X  4226,  the  &-group.  the  Sr 
line  X4077,  etc..  the  numbers  representing  these  four  elements  are 
unrehable,  and  they  are  therefore  omitted  since  they  do  not  fairly 
represent  the  averages.) 

The  first  meaning  that  may  be  drawn  from  the  similarity  of  the 

Chromosphere        ,  Spark  .     ,  ,  .,      ,     .  .  .        ,    , 

ratios  — :f, , — 3 —  and  — ; is  that  while  the  intensities  of  the 

Rowland  Arc 

Fraunhofer  lines  as  given  in  Rowland's  tables  correspond  to  arc 

intensities,  the  intensities  of  the  chromospheric  lines  correspond 

more  closely  with  spark  intensities  than  they  do  with  arc  intensities. 

For  this  reason,  there  are  added  to  Table  I  two  additional  ratios. 

which  give,  respectively,  the  ratios  of  the  intensities  of  the  lines  in 

the  arc  to  those  in  Rowland,  and  also  the  ratios  of  the  intensities 

of  spark  and  chromosphere.     These  two  last  columns  might  be 

said  to  give  the  intensity  of  an  arc  line  which  would  produce  a  line 

in  the  Fraunhofer  spectrum  of  intensity  i,  and  also  the  intensity  of 

the  line  in  the  spark  corresponding  to  a  line  in  the  chromospheric 

spectrum  of  intensity  i.     For  the  various  elements,  these  two  last 

columns  increase  and  decrease  together. 

There  are  very  great  differences  among  the  elements.     The 

mean  between  the  two  last  columns  would  smooth  out  the  individual 

differences  and  render  more  apparent  the  behavior  of  each  element. 
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(This  simple  mean  could  be  taken  at  a  glance,  but  since  this  mean 
can  have  no  actual  signification,  it  is  not  inserted  in  Table  I.)  Fc, 
then,  enjoys  the  distinction,  not  only  of  being  represented  by  the 
greatest  number  of  lines,  but  also  of  having  the  power  to  produce 
lines  in  the  solar  spectrum,  both  Fraunhofer  and  chromospheric, 
with  greater  facihty  than  that  possessed  by  any  other  element  con- 
sidered in  Table  I.  The  difference  between  Fc  and  the  rare  earths 
as  a  whole  is  very  marked.  By  reference  to  Exner  and  Haschek"s 
tables,  it  is  seen  that  the  rare  earths  have  very  many  lines  in  their 
spectra.  It  needs  a  line  of  approximately  intensity  5  in  either  arc 
or  spark  before  a  corresponding  line  is  found  in  the  Fraunhofer  or 
chromospheric  spectrum,  while  for  Fc,  if  there  is  a  line  of  intensity  i 
in  the  arc,  there  is  found  a  line  in  the  solar  spectrum  corresponding 
to  it  with  an  intensity  i  in  Rowland,  while  a  line  of  intensity  i  in 
the  spark  spectrum  will  have  a  line  in  the  chromospheric  spectrum 
corresponding  to  it  which  will  likewise  be  of  intensity  i . 

That  the  systematic  variations  in  intensities  noted  are  not 
merely  the  results  of  chance  will  be  more  evident  if  the  quantities 
are  arranged  according  to  the  atomic  weights  of  the  elements. 

In  Table  IV  {op.  cit.,  p.  485)  was  given  the  periodic  table  of 
atomic  weights  taken  from  the  Encyclopaedia  Britanuica,  nth  edi- 
tion, Vol.  9,  p.  258,  under  "Element,"  to  which  was  added  to  each 
element  the  total  number  of  lines  of  the  chromospheric  spectrum. 
Part  of  the  Periodic  Table  only  is  given  in  Table  II,  where  in  addi- 
tion to  symbol  and  atomic  weights  there  are  given  the  total  number 
of  lines,  and  the  two  ratios  of  the  intensities  of  chromosphere  to 
Rowland  and  arc  to  spark,  respectively.  Elements  in  parentheses 
are  not  found  in  the  chromosphere. 

If  we  enter  the  periodic  table  at  Ca.  we  find  an  element  which  is 
represented  by  the  very  strongest  lines  in  the  sun.  in  the  chromo- 
sphere, in  the  arc,  and  in  the  spark.  The  lines  in  the  sun  due  to 
Ca  are  stronger  than  those  of  the  very  light  elements  H  and  He. 
No  satisfactory  explanation  for  this  has  ever  been  given.  That  Ca 
is  not  dissociated,  thus  giving  rise  to  a  very  light  element,  as  has 
been  sometimes  thought,  is  proved  by  Table  II.  The  elements 
present  in  the  sun  are  in  such  a  condition  that  the  atoms  differ  from 
the  atom  of  Ca  by  successive  gradations.     This  will  be  seen  by  run- 
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ning  in  a  horizontal  row  to  the  right  through  Table  II,  and  it  will 
be  seen  that  the  ratios  of  chromosphere  to  Rowland  and  spark,  to 
arc  both  show  a  marked  tendency  to  decrease.  This  same  decrease 
is  seen  in  each  of  the  horizontal  rows  as  one  goes  to  the  right. 
Moreover,  from.  Ca  in  a  vertical  column  downward  the  two  ratios 


TABLE  II 

Periodic  T.able  of  Atomic  Weights 

Under  each  element  are  given:  the  atomic  weight;  the  total  number  of  lines  in 
the  1905  chromospheric  spectrum;  the  ratio  of  the  intensity  of  chromospheric  line  to 
Rowland;  and  ratio  of  spark  to  arc. 


He 
4 
IS 

{Li) 
7 

(Be) 
9 

(B) 
II 

C 
12 

(iVe) 
20 

23 
3 

Ms 
24 
10 

Al 
27 
3 

Si 

28 

7 

.     40 

(K) 
39 

Ca 
40 
42 

Sc 

44 

60 
1 .64 
7  33 

Ti 
48 

331 
1 .60 
1 .06 

V 
SI 

186 

0.92 

I  ,21 

Cr 

S2 

198 

1. 00 

1.03 

Mn 

55 

89 
0-93 
0,77 

Fe 
56 
727 
OS4 
0-33 

m 

59 
154 
0,40 
0-33 

Co 
59 

0-51 
0,72 

83 

(.Rb) 
85 

Sr 
87 
8 
4.56 

1' 
89 

52 
1.72 
2.17 

Zr 

91 
123 
1.29 

1.68 

131 

(O) 

Ba 
137 
12 
1,94 
I.  20 

Ln 
139 
48 
1 ,60 
1-77 

Ce 
140 
87 
1.28 
0.82 

Pr 
141 

I 

Xd 
144 
80 

131 
0,90 

5a 
ISO 

I.  61 
0.56 

Eu 
152 
6 

Gd 
157 
SI 
0.89 
0.89 

Dy 

162 
3 

Nh 
? 

I 

Er 
167 
24 
0,68 
0,60 

decrease,  also  from  Sc  and  Ti  downward.  There  is  thus  seen  a 
general  decrease  in  the  ratios  of  the  chromosphere  to  Rowland  and 
of  the  spark  to  arc,  both  to  the  right  and  downward,  through  the 
periodic  table.  Above  Ca  in  the  table  is  found  Mg,  and  on  each 
side  of  Mg  are  Na  and  Al.  All  three  of  these  elements  are  repre- 
sented by  very  strong  lines  in  all  four  spectra  considered.     Above 
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Ti  is  found  Si,  and  above  Si  is  C.  Though  Si  and  C  are  not 
specially  prominent  in  the  sun  they  are  both  important  elements, 
C  from  the  cyanogen  spectrum  and  carbon  bands  which  appear  in 
sun  and  chromosphere,  and  Si  from  the  very  prominent  lines  which 
are  found  in  earlier  type  stars. 

It  seems,  therefore,  that  the  gradual  change  from  element  to 
element  in  the  periodic  table  is  not  one  of  chance,  but  one  which 
can  find  its  true  explanation  only  in  the  constitution  of  the  atom 
itself.  In  particular,  it  seems  as  if  Ca  was  not  an  exceptional  ele- 
ment as  has  been  thought,  but  is  one  which  occupies  its  proper 
place  in  the  periodic  table.  Likewise  it  seems  as  if  V  and  Cr 
represent  the  transition  between  the  group  of  elements  represented 
by  Ti  and  the  group  represented  by  Fe.  The  size  of  the  ratios 
manifested  would  permit  us  to  put  V  and  Cr  either  in  Group  I  with 
Fe  or  in  Group  II  with  Ti.  For  obvious  reasons  they  are  put  along 
with  Ti. 

It  is  with  great  interest,  therefore,  that  we  tabulate  the  depths 
of  the  reversing  layers  for  the  various  elements,  which  depths  are 
obtained  from  the  "height  of  the  chromosphere'"  as  given  in 
Table  I  {op.  cit..  p.  424).  Instead  of  doing  this  for  each  individual 
element,  it  was  done  by  groups.  Group  I  contains  Fe.  Xi.  Co.  and 
Mn.  In  Group  II  are  placed  not  only  Cr,  V,  Ti.  Zr.  Sr.  and  Ba  of 
Group  II  above  but  also  Ca,  Mg,  and  Al  of  Group  I\'.  (This  Group 
IV  is  represented  by  comparatively  few  lines,  and  H  and  K  are 
omitted.)  In  Group  III  are  the  rare  earths.  In  order  that  the 
various  lines  should  not  be  spread  among  too  many  classes,  the 
intensities  were  grouped  into  four  classes  as  follows:  (i)  those  in 
which  the  intensity  in  Rowland  was  2  or  less;  (2)  intensities  in 
Rowland  3  to  5,- inclusive;  (3)  intensities  6  to  10,  inclusive;  (4)  in- 
tensities greater  than  10.  Since  the  enhanced  lines  extend  to 
greater  heights  than  those  not  enhanced,  these  were  treated  sepa- 
rately.    The  results  are  given  in  Table  III. 

In  tabulating  these  heights,  it  was  at  once  noticed  that  the 
heights  for  all  elements  were  greater  at  the  violet  end  of  the  spec- 
trum. Consequently,  heights  were  tabulated  separately  to  the 
violet  side  of  X  4900,  and  to  the  red  side.  Though  the  heights 
differ,  there  is  shown  the  same  relative  behavior  throughout  the 
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spectrum,  and  there  are  therefore  given  in  Table  III  the  results  for 
the  spectrum  as  a  whole. 

The  table  might  be  explained  as  follows:  240  of  the  weakest 
lines  due  to  the  /^e-group  have  an  intensity  in  Rowland  of  i .  26. 
In  the  chromospheric  spectriun  the  average  intensity  is  less  and 
amounts  to  only  1.07.  The  average  height  of  these  240  lines  is 
338  km.  Of  these  240  lines,  only  7  are  enhanced.  The  unenhanced 
lines  extend  up  to  an  average  of  336  km,  while  the  enhanced  Unes 
are  relatively  much  stronger  in  the  chromosphere  and  extend  to 
greater  heights. 

Table  III  shows  the  following: 

1.  The  average  intensity  of  the  lines  in  the  chromosphere  is 
about  equal  to  that  from  Rowland's  tables  if  the  intensity  in  the 
latter  does  not  exceed  10. 

2.  The  ratio  of  the  intensities  of  the  chromospheric  spectrum  to 
that  of  Rowland  is  characteristic  for  the  different  groups  of  elements, 
this  ratio  being  least  for  the  /^e-group  and  greatest  for  the  rare 
earths. 

3.  The  difference  in  heights  for  the  various  groups  is  quite  as 
characteristic.  This  is  best  seen  by  referring  to  the  ordinary  or 
unenhanced  lines.  The  Fc-group  lines  extend  to  the  least  heights, 
the  lines  of  the  rare-earth  group  extend  to  the  greatest  heights,  in 
all  cases  where  there  are  sufficient  number  of  lines  to  make  averages 
rehable. 

4.  The  enhanced  lines  are  in  all  cases  much  stronger  in  the 
chromosphere  than  those  not  enhanced,  and  they  extend  to  greater 
heights.  The  heights  actually  depend  on  the  degree  of  enhance- 
ment. 

5.  The  enhanced  lines  share  the  same  characteristic  increase 
of  height  from  the  Fe-group  to  the  group  of  rare  earths,  as  was 
exhibited  by  the  lines  not  enhanced. 

6.  Heights  more  closely  correspond  to  intensities  in  the  chromo- 
spheric spectrum  than  they  do  to  Rowland's  intensities.  On  the 
average,  a  line  of  intensity  i  in  the  chromosphere  has  an  approxi- 
mate height  of  350  km,  and  there  is  an  increase  of  about  80  km  for 
each  unit  increase  in  intensity.  Though  the  determination  of 
heights  by  measures  of  the  lengths  of  the  chromospheric  cusps 
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admits  of  no  great  precision,  nevertheless  it  is  felt  that  the  large 
number  of  lines  considered  makes  the  results  fairly  accurate. 

If  the  sun  be  considered  as  a  hot  body  surrounded  by  cooler 
vapors  extending  to  various  heights  but  densest  nearest  the  photo- 
sphere, then,  as  was  first  pointed  out  by  Evershed,'  the  flash  spec- 
trvmi  is  a  progressive  exposure.  The  vapors  extending  to  greatest 
heights  will  have  relatively  longer  exposures,  and  as  a  consequence 
flash-spectrum  intensities  increase  with  the  increase  in  the  heights 
of  the  vapors.  It  would  seem,  therefore,  that  the  Ti  lines  are 
stronger  in  the  flash  than  the  Fe  lines,  mainly  because  the  Ti 
vapors  extend  higher  on  the  average  than  do  the  Fe  vapors.  Simi- 
larly, it  seems  that  the  rare  earths,  in  spite  of  their  higher  atomic 
weights,  ascend  to  still  greater  heights  than  do  the  Ti  vapors. 
However,  it  should  not  be  forgotten  that  the  rare  earths  are  very 
rich  in  lines,  and  in  general  only  the  stronger  lines  are  found  in 
either  the  ordinary  solar  spectrum  or  in  the  flash  spectrum. 

In  his  paper  on  "The  Distribution  of  Velocities  in  the  Solar 
Vortex,"  St.  John^  confirms  the  discovery  by  Evershed^  of  the 
displacement  of  the  Fraunhofer  lines  in  the  penumbrae  of  sun- 
spots,  and  arrives- at  the  following  conclusions: 

1.  The  proportionality  between  displacements  and  wave- 
lengths shows  that  the  phenomenon  is  due  to  the  Doppler  eflect 
of  material  of  the  reversing  layer  flowing  out  of  spots  and  of  the 
chromospheric  material  flowing  into  the  spots. 

2.  The  increase  of  displacements  indicating  an  outward  flow 
corresponds  to  a  decrease  in  the  intensity  of  the  lines  of  the  revers- 
ing layer,  and  the  increase  of  the  displacements  indicating  an  inward 
flow  of  the  chromospheric  gases  corresponds  to  an  increase  in  in- 
tensity of  the  latter  lines.  A  satisfactory  explanation  seems  to  be 
found  in  a  difference  in  level. 

It  therefore  seems  that  St.  John  and  the  writer  both  use  the 
differences  in  heights  or  dift'erences  in  level  to  explain  differences 
in  the  lines  of  the  solar  spectrum. 

'  Philosophical  Transactions,  197  A,  393,  igor. 

■  Astrophysical  Journal,  37,  322,  1913. 

J  Kodaikanal  Observatory  Bulletin,  No.  15,  1909. 
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According  to  St.  John's'  ideas,  however,  the  rare  earths  are 
found  in  the  low-lying  regions  of  the  reversing  layer.  Since  they 
are  found  comparatively  close  to  the  photosphere,  they  are  at  a 
rather  high  temperature.  As  a  result  of  this  high  temperature 
there  is  little  absorption  by  the  rare-earth  vapors,  and  the  Fraun- 
hofer  lines  are  not  strong.  These  high  temperatures,  however, 
make  more  brilliant  the  lines  of  the  flash  spectrum,  with  the  result 
that  the  intensities  of  the  rare  earths  in  the  flash  spectrum  are  much 
greater  than  they  are  in  the  Fraunhofer  spectrum.  Measures  of 
the  1905  eclipse  spectrum  confirm  the  increased  intensities  in  the 
flash  spectrum  demanded  by  St.  John's  theory,  but  these  measures 
do  not  show  that  the  rare  earths  are  found  in  shallow  layers,  but  exactly 
the  reverse. 

Again,  St.  John  finds  that  with  increasing  intensities  of  the  Fe 
lines  in  the  Fraunhofer  spectrum  there  is  a  decreasing  difference  of 
Doppler  eft'ect  in  the  spots,  which  is  interpreted  as  due  to  a  differ- 
ence of  level.  This  effect  seems  so  uniform  that  the  intensities  of 
the  Fraunhofer  lines  become  to  St.  John  a  scale  whereby  he  can 
sound  the  depth  of  the  reversing  layer.  In  other  words,  an  Fe  line 
of  intensity  4  in  Rowland  finds  its  maximum  absorption  always  at 
the  same  level  above  the  photosphere,  while  lines  of  intensity  8 
have  their  maximum  absorption  always  in  the  same  level  above  the 
photosphere,  but  this  level  for  lines  of  intensity  8  is  dift'erent  from 
the  level  for  lines  of  intensity  4,  and  in  fact  exists  above  the  latter. 
This  idea  leads  to  some  important  consequences.  All  lines  of  Fe 
of  intensity  4  in  Rowland,  and  not  enhanced  lines,  must  therefore 
be  represented  in  the  flash  spectrum  by  lines  of  the  same  height, 
and  this  equality  in  height  must  entail  an  equal  intensity  in  the 
flash  spectrum.  Fe  lines  of  intensity  8  likewise  must  be  represented 
in  the  flash  spectrum  always  by  lines  longer  and  of  greater  intensity. 
Although  in  general  it  may  be  said  that  the  stronger  the  Fr  lines 
are  in  Rowland,  the  stronger  are  those  lines  when  reversed  in  the 
flash  spectrum  and  the  higher  do  they  extend,  yet  there  are  so  many 
exceptions  to  this,  without  any  apparent  cause,  that  it  does  not 
seem  possible  to  make  a  general  rule. 

■  Astrophysical  Journal,  38,  174,  1913. 
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It  would  seem,  therefore,  that  the  question  of  heights  as  given 
in  Table  III,  and  that  of  relative  intensities  as  given  in  Tables  I 
and  II,  must  be  considered  together.  It  would  seem  that  the  pro- 
cess of  stellar  evolution  had  advanced  to  such  a  stage  with  the  sun 
that  calcium  (for  some  reason)  extends  higher  than  any  other  ele- 
ment, even  hydrogen.  On  account  of  this  great  height,  H  and  K 
are  the  strongest  hues  of  the  solar  spectrum.  It  would  further 
seem  that  the  elements  differ  from  Ca  and  from  each  other  by  suc- 
cessive gradations.  These  dilTerences  in  the  elements  seem  to  find 
their  explanation  in  the  ultimate  constitution  of  the  atom  itself. 
In  addition  to  the  gradual  variation  in  intensities  and  heights 
already  shown,  we  should  expect,  if  the  cause  is  to  be  found  in  the 
atom  itself,  that  the  elements  close  to  each  other  in  the  atomic- 
weight  table  would  show  also  additional  common  properties.  We 
should  expect,  for  example,  that  the  elements  close  to  Ca  in  Table 
II  would  show  strong  lines  comparable  with  H  and  K.  In  fact, 
they  do.  Above  Ca  in  the  table,  Mg  has  the  6-group,  Xa  the  D 
lines,  Al  the  lines  at  X  3944  and  X  3961.  Even  Si  has  strong  lines 
in  stellar  spectra  at  X  4128  and  X  4 131.  To  the  right  and  below,  we 
have  Sc  with  its  strong  line  at  X  4247,  Ti  with  its  strong  lines  such 
as  X3757,  X3761,  X4395,  X4443,  X4468,  X4501,  X4563,  and 
X4572.  Sr  has  a  strong  line  at  X4077  and  another  at  X4215. 
Even  Y  has  a  strong  line  at  X  4375  and  Ba  one  at  X  4554. 

It  would  seem,  therefore,  that  the  elements  of  the  Tf-group  and 
those  of  the  rare-earth  group  both  extend  to  greater  heights  than 
do  the  elements  of  the  Fe-group  mainly  because  the  atoms  of  the 
Tz-group  of  elements  and  the  rare  earths  are  more  closely  related 
to  the  Ca  atom  than  are  the  atoms  of  Fe,  Xi.  Co.  and  Mn.  If 
information  could  be  had  regarding  the  changes  of  pressure,  of 
temperature,  and  of  electrical  conditions  depending  on  the  differ- 
ences of  elevation,  we  should  advance  a  long  way  toward  solving 
some  of  the  curious  phenomena  connected  with  the  solar  spectrum. 

Leander  McCormick  Observatory 

University  of  \'irgi,\ia 

January  19 14 
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Die  Atomionen  chemischer  Elemente  unci  ihre  Kanalstrahlen- 
Spektra.  By  J.  Stark.  Berlin:  Julius  Springer,  1913.  Pp. 
43;  I  pl- 

Many  valuable  researches  have  been  carried  out  recently  by  Stark 
and  his  co-workers  at  Aachen  regarding  the  spectra  of  the  canal  rays 
of  various  elements.  The  detailed  results  are  reported  in  some  nineteen 
articles'  which  have  appeared  during  the  present  year.  As  the  general 
conclusions  have  a  significant  relation  to  the  problem  of  the  electrical 
structure  of  the  chemical  atom,  they  are  of  interest  to  many  who  have 
not  the  time  to  read  the  original  papers.  For  such,  Stark  has  written 
the  pamphlet  under  consideration,  in  which  he  reviews  briefly  the  main 
e.xperimental  results  and  discusses  their  significance  and  bearing  on 
fundamental  problems. 

From  deflection  experiments  it  is  known  that  canal  rays  are  partly 
neutral  atoms  and  partly  positive  ions,  univalent,  bivalent,  or  multi- 
valent according  as  they  have  lost  one,  two,  or  more  electrons.  Stark 
discovered  in  1905  that  certain  lines  of  a  canal  ray  spectrum  show  a 
Doppler  effect,  and  ventured  the  h^-pothesis  that  such  lines  are  emitted 
by  the  positively"  charged  rays.  Though  this  appealed  to  many  as 
probable,  there  was  really  no  convincing  evidence  for  it  before  an  im- 
proved technique,  and  especially  the  discovery  by  Stark  of  the  advantage 
of  diluting  the  gas  to  be  investigated  with  helium  made  the  recent 
careful  study  of  the  shifted  lines  possible.  The  valency  of  the  rays 
emitting  a  given  line  cannot  be  determined  from  the  maximum  shift 
of  the  line,  as  was  at  first  assumed;  but  from  a  study  of  the  variation  of 
the  intensity  distribution  of  the  line  with  the  cathode  fall  of  potential. 
Stark  not  only  is  able  to  show  that  dift'erent  series  of  lines  have  different 
carriers  but  can  determine  the  probable  electrical  charge  of  the  carriers. 

'Stark,  V.  Dciilsch.  Pliys.  Gescll.,  15.  80Q-812,  813-820;  Phys.  Zeitsclir.,  14,  102- 
109,  454-456,  4,97-498,  768-770,  779-780,  961-965,  965-969;  Annal.d.Phys.,  43,  163- 
180,  231-237,  238-240;  Stark  and  Kirschbaum,  Phys.  Zeilsclir.,  14,  433-439;  Aiiiial. 
d.  Phys.,  42,  255-277;  Stark  and  Wendt,  Phys.  Zcilschr.,  14,  567;  Stark,  Wendt, 
and  Kirschbaum,  Phys.  Zeilschr.,  14,  770-779;  AnnaL  d.  Phys.,  43,  278-302;  Stark, 
Fischer,  and  Kirschbaum.  .\iiniil.  </.  Phys.,  40.  400-541;  Stark,  Kiinzer,  and  Wendt, 
Annal.d.  Phys.,  42,  241-254. 
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Thus  in  the  case  of  argon,  he  found  that  the  red  spectrum  is  emitted  by 
the  univalent  positive  ray,  the  blue  spectrum  partly  by  bivalent  and 
partly  by  trivalent  rays.  Al,  B,  C,  CI,  H,  He,  Hg,  I,  K,  Mg,  N,  Na,  O, 
S,  and  Si  canal  ray  spectra  have  also  been  carefully  studied.  The 
mercury  spectrum  is  especially  interesting  as  live  groups  of  lines  have 
been  distinguished.  From  their  behavior  in  the  canal  ray  spectrum, 
Stark  concluded  that  XA  2537  and  1849  are  emitted  by  neutral  atoms 
and  then  verified  the  h},^othesis  by  finding  that  mercury  vapor  at  low 
pressures  shows  a  sharp  strong  absorption  line  at  A  2537. 

Another  interesting  result  to  which  our  author  calls  attention  is 
that  the  valency  of  canal  rays  is  apparently  unrelated  to  their  chemical 
valency.  HeUum  rays  may  be  doubly  charged,  argon  rays  trebly 
charged,  and  mercun,-  rays  quadruply  charged.  The  maximum  valency 
observed  under  ordinar\-  circumstances  seems  to  depend  rather  on  the 
atomic  weight. 

Stark's  suggestions  as  to  the  arrangement  of  positive  and  negative 
electricity  in  atoms  of  various  valencies  are  interesting  though,  of  course, 
they  are  meant  merel}^  to  help  make  the  discussion  more  concrete  and 
are  not  to  be  taken  too  seriously.  He  distinguishes  two  kinds  of  electrons 
in  every  atom,  detachable  electrons,  including  the  valence  electrons, 
and  undetachable  electrons.  According  to  Stark's  hj-pothesis,  the 
band  spectra  are  due  to  the  vibrations  of  the  more  loosely  attached 
valence  electrons,  whereas  the  series  lines  are  emitted  by  the  second 
group  of  electrons.  Thus  he  would  explain  the  difference  of  the  Zeemap 
effect  for  the  two  tjpes  of  spectra  and  other  phenomena  he  has  observed. 
But  though  he  speaks  of  two  kinds  of  electrons,  he  does  not  mean,  of 
course,  to  imply  any  essential  difference  between  them,  other  than  a 
difference  in  situation  with  reference  to  the  atom — a  dynamic  difference. 
He  concludes  with  some  spectrum  evidence  to  prove  the  non-elasticity 
of  the  collisions  of  fast  canal  rays  with  gas  molecules,  and  with  a  discus- 
sion of  the  difference  between  ionization  by  shock  and  ionization  in 
electrolytes. 

Stark  is  to  be  congratulated  for  having  demonstrated  the  truth  of 
his  hv'potheses  regarding  the  carriers  of  series  and  band  spectra,  which, 
when  they  were  advanced  some  years  ago,  seemed  mere  guesses.  He 
not  only  has  been  extraordinarily  active  in  accumulating  careful  experi- 
mental evidence,  but  has  been  unusually  successful  in  interpreting 
imperfect  data  and  predicting  relations  which  later  research  has  verified. 

Gordon  S.  Fulcher 
University  of  Wiscoxsix 
Xovember  26,  1913 
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Researches  in  Magneto  optics.  By  P.  Zeemax.  Xcw  York:  ]Mac- 
millan,  1913-  8vo,  pp.  219,  figs.  74.  Si -60. 
This  book  is  one  of  the  Science  Monographs  which  Macmillan  & 
Co.  are  publishing.  In  these  monographs  the  authors  are  supposed  to 
deal  mostly  with  their  own  researches.  Consequently  much  of  this  book 
has  appeared  as  contributed  articles  in  the  journals.  For  the  English- 
reading  public,  the  Aslrophysical  Journal  has  been  the  principal 
publisher. 

Contents 

Chapter       i.    Modern  Speclroscopes  and  Resolving  Power. 

Chapter     ii.    Magnetic  Resolution  of  Emission  Lines.     The  Direct  Effect. 

Chapter    iii.    Magnetic  Resolution  of  .\bsorption  Lines.     The  Inverse  EtTect. 

Chapter  iv.  Complicated  Types  of  Resolutions.  Relation  between  Reso- 
lution and  Spectrum  Series. 

Chapter  v.  Phenomena  Closely  .\Uied  to  the  Magnetic  Resolution  of 
.\bsorption  Lines;  (i)  Magnetic  Rotation  of  the  Plane  of 
Polarization;   (2)  Magnetic  Double  Refraction. 

Chapter  vi.  Influence  of  the  Grating  and  the  SUt  on  the  Intensities  of  the 
Components;   Purity  of  the  Circular  Polarization. 

Chapter  vii.    Dissymmetries  and  Shifts. 

Chapter  viii.    Solar  Magneto-Optics. 

Chapter  ix.  The  Inverse  Effect  in  Directions  Inclined  to  the  Field.  .\ppH- 
cation  to  Sun-Spot  Spectra. 

Chapter  x.  Chemical  Elements  and  Magnetic  Resolution.  Contributions 
to  the  Constitution  of  the  .-Xtom.     Bibliography.     Inde.K. 

The  tirst  chapter  is  very  brief  and  ends  with  a  few  remarks  upon 
electromagnets.  A  student  who  is  unfamiliar  with  the  subject  would 
need  a  more  extended  treatment. 

In  chap,  ii  the  author  gives  the  account  of  his  original  discovery. 
Although  the  author  considers  that  the  work  possesses  only  a  retro- 
spective interest,  I  think  it  the  most  entertaining  part  of  the  book.  For 
it  reveals  that  clear  insight  and  critical  analysis  without  which  he  would 
have  arrived  at  no  results  whatsoever.  Chap,  iv  is  closely  related  to 
chap.  ii.  For  so  brief  a  statement  of  spectral  series,  the  treatment  could 
not  be  surpassed.  Lastly  appears  a  discussion  of  Runge's  Rule  upon 
the  periodic  distances  between  components  of  complex  types  of  separa- 
tion.    The  same  topic  is  renewed  in  chap.  x. 

Chaps,  iii,  v,  and  ix  discuss  the  "Inverse  Effect"  which  follows  from 
KirchholT's  Law  of   Emission   and   .Absorption.     l'])on   this  [larticular 
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topic  the  author  has  made  extensive  observations.  From  the  nature 
of  the  case,  therefore,  the  "Inverse  Effect"  is  thoroughly  discussed. 

In  chap,  vi  we  find  that  a  grating  may  show  selective  reflection  of 
polarized  light  in  some  sections  of  a  given  order  of  the  spectrum  and 
not  in  another.  This  conclusion  has  also  recently  been  reached  by 
EUerman  {Astro physical  Journal,  38,  72,  1913).  Some  years  since  the 
reviewer  noticed  considerable  irregularity  in  the  intensity  of  the  ratios 
of  the  p-  and  K-components  of  the  magnetic  separations,  while  using  a 
glass  condensing  lens.  These  irregularities  did  not  appear  when  a 
quartz  condensing  lens  was  substituted  for  the  glass  lens.  The  reason 
appeared  self-evident.  The  rays  which  pass  through  at  different  angles 
and  quite  different  thickness  of  quartz  had  suffered  very  different 
amounts  and  kinds  of  orientation.  Most  observers,  like  the  reviewer, 
have  used  quartz  condensing  lenses,  and  a  selective  polarization  of  the 
grating  would  effect  the  p-  and  ^-components  in  the  same  way.  The 
experiments  of  Stock  (Physikalische  Zeitsclirift,  10,  694-697,  1909)  remove 
all  doubt  upon  that  point.  Dissymmetries  and  shifts  need  a  larger 
treatment.  The  subject  needs  also  a  larger  investigation  with  greater 
resolving  power.  When  this  is  done,  I  am  prepared  to  believe  that  the 
dissymmetries  which  I  have  observed  will  either  disappear  or  show  the 
spacings  to  be  unequal  multiples  of  small  values  (intervals). 

There  is  an  excellent  description  and  explanation  in  chap,  viii  of  the 
broadening  of  the  solar  spot  lines,  observed  by  W.  M.  Mitchell;  and  an 
equally  good  brief  application  of  overlapping  components,  to  the  mag- 
netic field  of  sun-spots,  discovered  by  Hale. 

This  book  should  be  in  the  possession  of  everyone  interested  in 
magneto-optics.  First,  the  beginning  student  will  find  the  work  clearly 
outlined,  and  in  it  a  preparation  for  the  theoretical  work  of  such  con- 
tributors as  Lorentz,  Voigt,  and  Ritz.  Secondly,  the  student  who 
wishes  to  get  a  conception  of  the  work  in  magneto-optics,  but  has  not 
the  time,  or  perhaps  the  ability,  to  take  up  the  theoretical  discussions, 
will  find  this  book  to  meet  his  needs,  although  the  non-mathematical 
student  will  omit  portions  of  the  present  volume.  Thirdly,  the  thor- 
ough treatment  of  the  "Inverse  Effect"  will,  just  now,  particularly 
appeal  to  students  and  workers  in  astrophysics,  where  a  new  domain 
of  work  has  opened  up.  Fourthly,  of  course,  it  will  appeal  to  the 
physicist.  Lastly,  there  is  a  complete  bibliography,  which  will  be  an 
enormous  time-saver  to  workers  in  magneto-optics  and  spectroscopy. 

B.  E.  Moore 

University  of  Nebrask.\ 
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The  Atmosphere.  By  A.  J.  Berry.  The  Cambridge  Manuals  of 
Science  and  Literature.  Cambridge  University  Press,  Xew 
York:  Putnam,  1913.  Pp.  146;  figs.  5.  40  cents. 
This  little  book  belonging  to  the  long  list  of  Cambridge  Manuals 
of  Science  and  Literature  maintains  the  same  standard  as  the  many 
excellent  manuals  which  have  preceded  it.  Following  the  style  of  the 
other  members  of  the  series,  the  aim  has  been  to  present  in  readable  and 
attractive  form  some  of  the  salient  facts  concerning  the  earth's  atmos- 
phere. The  development  of  the  science  of  the  atmosphere,  from  Galileo 
through  phlogistic  chemistry  to  present-day  conceptions,  has  been 
interestingly  traced.  As  the  chief  facts  of  the  composition  of  the  atmos- 
phere are  a  matter  of  pretty  general  knowledge,  the  greatest  interest 
will  perhaps  be  found  in  the  newer  and  more  speculative  phases  of  the 
subject,  especially  the  character  of  the  upper  atmosphere,  the  primitive 
atmosphere  of  the  earth,  the  planetary  atmospheres,  and  atmospheric 
radioactivity.  Here  there  will  be  considerable  difference  of  opinion. 
But  such  a  summary  and  yet  simple  outline  giving  the  gist  of  the  subject 
will  be  welcomed  by  many  readers. 

R.  T.  Ch.\mberlin 
University  of  Chicago 
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THE  COMPLEX  STRUCTURE  OF  SPECTRUM  LINES 
By  CH.  WALI-MOHAMMAD 

The  following  investigation  was  carried  out  under  the  kind 
supervision  of  Professor  W.  Voigt  in  the  physical  laboratory  of  the 
Gottingen  University.  It  represents  the  checking  and  the  extend- 
ing of  the  results  pubhshed  by  Dr.  L.  Janicki.'  The  object  was  the 
comparison  of  the  results  obtained  by  Dr.  Janicki  by  means  of 
crossed  parallel  interference-plates  with  those  yielded  by  an 
echelon  grating  of  very  high  resoh^ing  power. 

A.      SOURCE    OF    LIGHT 

Introduction. — In  1892  A.  A.  Michelson  showed  that  some  of  the 
spectral  lines  are  not  simple  but  possess  a  complex  structure. 
Since  1892  several  spectroscopic  instruments  of  very  high  resolving 
power  (e.g.,  interferometer,  echelon  grating,  parallel  interference- 
plates,  etalon,  etc.)  have  been  constructed  and  the  structure  of 
several  lines  investigated.  But  so  far  no  satisfactory  source  of 
light,  which  could  be  used  with  the  above  instruments,  has  been 
found.  (i)  Flames  are  obviously  useless  for  this  purpose. 
(2)  Spark  spectra  have  yielded  practically  no  results  worth  men- 
tioning. (3)  Geissler  tubes,  which  are  so  useful  in  the  cases  of 
gases,  have  a  very  limited  application  and  cannot  be  successfully 

'  Aiinalcn  dcr  Physik,  29,  833,  igog. 
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used  in  the  case  of  metals.  (4)  Arc  spectra  are  the  only  ones  that 
have  yielded  any  results,  and  these  must  be  excited  in  a  vacuum. 
Here  may  be  mentioned  the  amalgam-lamps  of  different  makes, 
but  the  number  of  substances  that  can  be  used  with  them  is 
extremely  limited. 

A.  Wehnelt'  discovered  the  properties  of  his  oxy-cathode  in 
1904  and  Wehnelt  and  Wiedemann-  showed  later  on  how  the 
oxy-cathode  could  be  used  in  conjunction  with  an  anode  of  a  given 
metal  to  melt  and  vaporize  the  anode  and  thus  produce  an  arc  in 
vacuum. 

Janicki  {loc.  cil.)  took  up  the  subject  and  constructed  a  dis- 
charge tube  which  gave  very  satisfactory  results.  The  writer 
modified  the  form  and  size  of  Janicki's  tube  in  such  a  way  as  to 
enable  it  to  be  placed  in  a  magnetic  field  and  thus  to  observe  the 
Zeeman  effect  not  only  on  the  principal  Unes  but  on  the  satellites 
which  accompany  some  of  the  principal  hnes,  as  well. 

The  oxy-cathode  possesses  the  following  advantages:  (i)  The 
source  of  light  is  an  arc  in  vacuum — an  absolute  condition  for  pro- 
ducing very  sharp  lines.  (2)  The  spectrum  is  pure  in  the  sense  that 
neither  the  carbon  bands  nor  the  air  lines  are  present.  (3)  The 
lines  are  extremeh'  sharp  and  most  suitable  for  use  with  instruments 
of  very  high  resolving  powers.  (4)  The  lines  are  intenseh'  bright 
and  consequently  require  very  short  exposure.  (5)  Nearly  all 
metals  can  be  used  with  the  necessary  alterations.  (6)  The  rate  of 
vaporization  of  the  metal  is  under  control  and  can  be  regulated  as 
desired.  (7)  The  temperature  arrived  at  is  very  high  and  the 
spectrum  extends  farther  into  the  violet  than  is  the  case  with  other 
sources  of  light.'  (8)  The  source  of  light  is  capable  of  being  placed 
in  the  magnetic  field,  and  thus  the  Zeeman  eft'ect  on  the  satellites 
can  be  easily  observed. 

Discharge  tube  (Fig.  i). — The  discharge  tube  AB  is  of  Jena 
glass  30  cm  long  and  30  mm  in  cross-section.  The  upper  end  is 
closed  by  means  of  a  glass  plate  P  and  through  this  the  light  passes 
out  to  the  spectroscope.     The  lower  end  is  attached  by  means  of 

'  op.  cil.,  14,  4:15,  1904. 

'  Physikalische  Zcilschri/I,  6,  690,  1905. 

^  Wehnelt  and  Wiedemann,  loc.  cil. 
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sealing  wax  to  a  small  tube  BC,  through  the  ground  end  C  of  which 
passes  the  tube  T  carrying  the  cathode  and  the  anode.     A'A'B'B'  is 
P  the  cooling  mantle  through  which  a  constant  flow  of 

water  takes  place. 

Cathode  (Fig.  2). — The  cathode  consists  of  plati- 
num foil  0.015  mm  thick  and  30  mm  long  held  in  a 
semicircular  form  between  two  thick  brass  pieces 
DE  and  DE.  The  breadth  of  the  cathode  varies 
between  4  and  6  mm  according  to  the  current  flowing 
between  the  cathode  and  the  anode.  The  platinum 
foil  is  dipped  in  a  solution  of  calcium  nitrate  and 
barium  nitrate  and  heated  in  order  to 
reduce  the  salts  to  their  oxides.  The 
cathode  was  then  heated  by  means  of 
a  current  from  an  accumulator  battery 
(40  volts) ;  the  heating  current  was  £ 
usually  about  15  or  16  amperes. 

It  may  be  remarked  here  that  the 
cathode  has  a  very  short  life — it  gets 
burned  through  after  it  has  been  in  use 
for  some  time. 

Anode. — The  anode  consists  of  the 
given  metal  placed  in  a  porcelain  tube 
NM  and  is  in  electrical  contact  with  the 
brass  piece  ML  and  the  wire  LK.  Pj^,  , 

Pressure. — The    necessary    vacuum 
was  produced  by  means  of  Dr.  Gaede's  rotary  pump. 
The  pressure  was  generally  less  than  o.oi  mm  Hg. 

Curre)it. — A  potential  difference  of  220  volts  was 
set  up  between  the  anode  and  the  red-hot  cathode. 
When  the  vacuum  had  arrived  at  the  proper  value  an 
arc  was  set  up  between  the  cathode  and  the  anode 
and  a  current  passed  between  them.  By  means  of 
suitable  water-cooled  resistances  this  current  could 
be  regulated  easily  and  controlled.  Different  metals 
^  ,,  _  require  different  current-strengths  in  order  to  set  up 

G  KG  ^  1  1  »  J- 

Fig.  I  the  arc  and  to  vaporize  them  properly.     According 
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to  Wehnelt  the  passage  of  3  amperes  produces  the  heat-equivalent 
of  60  to  go  watts  at  the  anode  and  suffices  to  melt  and  to  vapor- 
ize most  of  the  metals.  Evidently  the  amount  of  current  necessary 
depends  on  the  specific  heat  and  the  melting-point  of  the  given 
metal.  The  current  varied  from  0.02  to  0.6  ampere  (for  zinc, 
cadmium,  etc.)  to  3  to  5  amperes  (for  cobalt,  chromium,  etc.). 

B.      INSTRUMENTS    OF   OBSERV.A.TION 

Spectroscope. — An  echelon  grating  constructed  by  A.  Hilger  of 
London  was  used  in  conjunction  with  a  monochromator.  The 
echelon  consists  of  35  plates.  Each  plate  is  9.945  mm  thick 
and  the  breadth  of  the  step  is  i  mm.  Its  resolving  power  Hes 
between  285,000  and  665,000  for  the  Fraunhofer  lines  A  and  H 
respectively  and  the  limit  of  the  wave-length  difference  {d\) 
capable  of  being  resolved  is  0.027  and  0.006  A  respectively. 

Method  of  obseroalion. — All  the  lines  under  discussion  were 
photographed  and  measured  by  means  of  a  Zeiss  microscope.  For 
photographing  the  lines,  plates  of  various  makes  were  used.  I 
employed  Lumiere's  plates  for  the  blue  and  violet,  Viridin  plates 
of  Dr.  Schleussner  (Frankfurt)  for  the  green  and  yellow,  and 
Pinacyanol  bathed  and  Panchromatic  plates  of  Wratten  &  Wain- 
wright  (London)  for  the  red  end  of  the  spectrum. 

As  already  mentioned,  the  source  of  light  is  extremely  bright 
and  the  time  for  photographing  a  Hne  comparatively  short.  The 
following  table  shows  the  advantage  of  an  oxy-cathode  over  other 
sources  of  light: 

BISMUTH  LIXE  X  =  472^ 


Observer 

Source  of  Light 

Observing 
Instrument 

Exp. 

Quartz  amalgam-lamp 

.Amalgam-lamp 

0.\y-cathode 

Echelon 
Parallel  plates 
Echelon 

I  §  to  2^  hrs. 

(2)  Gehrcke  and  von  Baeyer 

4j  hrs. 
i  min. 

C.      RESULTS 
I .      ALUMINIUM 


Current,  t  lo  j  ainixrcs  Melting-point,  66  C. 

The  only    lines    in    the    visible    spectrum    are    X  3961. 7    and 

X  3944.2.     Both  these  lines  are  bright,  sharj),  and  simple.     With 
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a  current  of  2  amperes  they  show  reversal.  In  addition  to  these 
two  lines  there  are  three  strong  bands  in  the  blue  which  all  shade 
down  toward  the  red  end  of  the  spectrum. 

2.      ANTIMONY 

Current,  0.5  to  4.  5  amperes  Melting-point,  625°  C. 

It  is  remarkable  that  antimony  in  spite  of  great  evaporation 
gives  no  line  spectrum.  Only  a  band  spectrum  rich  in  lines  is  to  be 
seen.  An  increase  in  the  current  fails  to  bring  out  any  lines  that 
are  strong  enough  for  observation. 

An  alio)'  of  antimony  with  lead  and  zinc  was  also  employed 
but  without  any  better  results. 

3.      BISMUTH 

Current,  0.5  to  4  amperes  Melting-point,  268°  C. 

The  intensely  blue  line  X4722  is  the  first  to  appear  with  a 
current  of  about  0.5  ampere.  With  a  greater  current  very  few 
more  lines  appear.  With  4  amperes  the  lines  X  5552.4,  X4733.9, 
and  X4561 .3  are  seen  and  all  of  them  are  simple.  A  band  in  the 
green  also  becomes  visible  and  shades  down  toward  the  red  end  of 
the  spectrum. 

The  structure  of  a  few  bismuth  lines  has  been  investigated  by 
von  Baeyer'  alone  and  by  von  Baeyer  and  Gehrcke.^  They  used  a 
quartz  bismuth  amalgam-lamp  of  their  own  construction.  Lune- 
lund^  also  investigated  the  bismuth  lines  by  means  of  Arons'^ 
amalgam-lamp. 

X=4722  (Blue) 


X  =  4722 


</Xmai  =  0.345  A 


Exposure,  5  minute 


Crossed  Interference-Piates 

Echelon  Grating 

Gehrcke  and  von  Baeyer 

von  Baeyer 

Lunelund 

Author 

0.166? 

I 

+0.242(=  —0. 103)* 
+0.289(=  —0.056) 
-i-o.3i6(= -0.029) 
0.000 

+0  057 

+0.104 

2 
1 

I 

I 
3 

+0.242(= -0.103) 

+0.  283(=  —0.062) 

-i-o.3i8(= -0.027) 

0.000 

+0.058 

+0. 100 

-0.144? 
-0.105? 

—  0.062 

—  0.031 
0.000 

+0.059 
+0.103 

I 

4 
3 
3 
10 
5 
2 

-0.144? 
-0.103 

—  0 . 06 1 

—  0,029 
0.000 

+0.057 
+0.102 

I 
3 
S 
7 
10 
8 
6 

*  The  numbers  within  the  parentheses  have  been  introduced  by  the  author. 

'  Verh,  deutsck.  pliys.  Gesells.,  1907.  '  Annalen  der  Physik,  20,  285,  1906. 

i  H.  Lunelund,  Inaug.  Diss.,  Helsingfors,  1910;  Annalen  dcr  Physik,  34.  505,  1911. 
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Since  (/Xmax=  0.345  A,  the  values  given  by  Gehrcke  and  von 
Baeyer  represent  the  values  given  within  the  parentheses  (obtained 
by  subtracting  from  0.345  the  values  given  by  them).  In  this 
way  the  agreement  between  the  results  of  different  observers 
becomes  apparent.  Nevertheless  the  position  of  the  first  three 
satellites  is  not  established  beyond  doubt. 

It  may  be  mentioned  here  that  the  formulae  for  the  dispersion 
of  an  echelon  grating  show  that  there  may  exist  an  ambiguity  in 
the  results  deduced  from  them.  It  is  sometimes  very  difficult  to 
say  to  which  principal  line  a  particular  satelHte  belongs.  Recently 
P.  Gmelin'  has  suggested  a  method  for  removing  such  ambiguity, 
but  I  had  no  time  for  avaiUng  myself  of  his  method. 

Gehrcke  and  von  Bae\er,  too,  are  not  sure  of  their  having  cor- 
rectly arranged  the  satellites  of  this  line.  The  evidence  of  Michel- 
son's  plane  grating,  which  has  already  helped  in  giving  the  correct 
order  of  the  satellites  of  mercury  lines,  may  also  throw  some  light 

^^"^^^  X=4i22  (Violet) 

According  to  Gehrcke  and  von  Baeyer,  this  line  is  composed 
of  three  components  of  nearly  the  same  intensity  and  they  arbi- 
trarily consider  the  middle  component  to  be  the  principal  line. 

Lunelund  had  to  expose  his  plate  for  fully  five  hours  in  order  to 
photograph  it,  and  he  found  that  it  consists  of  four  components. 
The  figures  are: 


Gehrcke  and  von  Baeyer. 
Lunelund 


—0.21 
—0.05 


0.00 
0.00 


+0.1S 
4-0.05 


The  wave-lengths  of  the  line  given  by  Gehrcke  and  von  Baeyer 
and  Lunelund  are  412  ntx  and  4122  A  respectively. 

I  find  that  the  line  is  not  complex  at  all.  The  measurements  of 
the  wave-lengths  of  the  line  under  observation  show  that  there  are 
two  distinct  fines  separated  from  one  another  by  a  distance  equal 
to  about  ^  or  J  A.     The  lines  given  are,  according  to 

Kayser  and  Rungc' 4122.01 1  jjj^  ^^        ^ 

(Arc)  4121.69/ 

Exncr  and  Haschek^ 4122.  io\p,-fr  _.   ,, 

(Arc)  4121. Sa/"""--"-  "* 

Exner  and  Haschek^ 4122.08!  j^jlY  _^ 

(Spark)  4121.75/ 

'  AnmUn  der  Physik,  33,  17,  igio. 

'  Abliaiidlungen  Berliner  Akad.,  1893.         J  Tabelten  der  Speklra,  W'ien,  1902. 


STRUCTURE  OF  SPECTRUM  LIXES 


191 


It  appears  that  the  above  mentioned  observers  (Gehrcke  and 
von  Baeyer  and  Lunelund)  have  not  distinguished  the  foregoing 
two  lines  from  each  other.  Perhaps  Gehrcke  and  von  Baeyer 
observed  a  "ghost,"  since  they  could  not  use  the  crossed 
interference-plates  owing  to  the  faintness  of  the  lines,  and  had 
to  photograph  them  by  means  of  a  single  interference -plate. 
Gehrcke  and  von  Baeyer  required  an  exposure  of  8  hours  while 
Lunelund  required  one  of  5  hours.  I  exposed  my  plate  for  only 
5  minutes  and  got  a  photograph  showing  two  equally  bright  and 
sharp  lines  which  appeared  to  be  two  distinct  principal  hnes  and 
not  satellites.  I  believe  that  X  4122  is  not  one  line  but  two  simple 
lines  situated  near  each  other. 

4.      CADMTUM 

Current,  o.  25  to  0.6  ampere  Mehing-poiiit,  325°  C. 

Cadmium  is  an  easy  metal  to  employ  and  the  lamp  burned 
very  smoothly  and  for  a  long  time. 

The  following  three  lines  possess  satellites: 


A 

Half-Sil- 
vered Ant 
Plates 

Crossed  Interference- 
Plates 

Echelon  Grating 

Fabry* 

and 

.    Perot 

Gehicket 

and 
V.  Baeyer 

JanickiJ; 

Janicki  II 

Lunelund  V 

Author 

Exp. 

S086.I 

(SS) 

+0.076 

0.000 

—0.024 

+0.081 
0.000 

+0.77 
0.000 

2 
I 

+0.076 

0.000 

—  0.026? 

I 

+0.078 
0  000 

2 
10 

+0.076 

0.000 

—  0.026 

2 
10 
I 

3  mm. 

2 
I 
3 
4 

2 
I 
3 

4800.1 

fss) 

+0.082 
0.000 
0.000 

—  0.082 

+0.063 

0.000 

-0.038 

-0.083 

+0.058 

0.000 

-0.034 

-0.081 

+0.059 

0.000 

-0.034 

—  0.080 

+0.060 

0.000 

-0.034 

—  0.080 

2 
10 
3 
2 

+0.058 

0.000 

-0.034 

—  0.081 

6 
10 

3 
6 

3  min. 

4678.4 

(s) 

+0  035 
0.000 

-0055 

+0.030, 

0.000 

-O.OS58 

+0.030 

0.000 

—  0.056 

+0.032 

0.000 

-0.056 

3 
10 
3 

+0.031 

0.000 

—  0.056 

10  I J  min. 
6 

fs)=bright      (ss)=very  bright. 
*Ch.  Fabry,  Comptes  rendus,  138,  854, 
t  AnnaUn  der  Pkysik,  20,  269,  iqo6. 


X  Ibid.,  29,  853,  1909. 
II  Ibid.,  19,  36,  igoO- 
H  Loc.  cil. 


X  5086. — -It  is  remarkable  that  Janicki  with  his  echelon  grating 
finds  a  satellite  at  —0.026  but  with  his  parallel-plates  fails  to 
observe  it.  Hamy  and  Fabry,  too,  have  observed  this  satelHte. 
Lunelund  using  an  Arons'  amalgam-lamp  and  an  echelon  and  giving 
an  exposure  of  about  one  hour  could  not  find  this  satellite.     The 


192 


CH.  WALI-MOHAMMAD 


probable  reason  why  Janicki  failed  to  observe  it  with  the  parallel- 
plates  is  the  following: 

The  principal  line  is  very  broad  and  bright,  while  the  satellite 
is  very  fine  and  faint.  The  latter  is  visible  with  a  current  of  0.2 
or  0.3  ampere;  with  a  greater  current  than  this,  it  merges  into  the 
principal  line.  On  account  of  the  irradiation  it  is  not  possible  to 
photograph  the  satellite  as  a  separate  line  when  an  ordinary  photo- 
graphic plate  is  used.  Hence  the  need  of  a  "non-halation"  plate 
for  such  cases.  In  this  way  I  measured  the  distance  of  the  satellite 
from  the  principal  hne  and  found  it  in  close  agreement  with  the 
measurements  of  Hamy,  Fabry,  and  Janicki. 

The  following  lines  are  sharp  and  simple : 

6439-3(55)  51549  4662.7 


CHROMIUM 


Current,  i  to  4  amperes 

Melting-f)oint,  1515°  C. 

The  vaporization  was  very  irregular 

and  the  emitted  light 

sometimes  deepened  in 

color  suddenly  and 

many  new  lines  became 

visible.     The  spectrum 

is  very  rich  in  lines  which  lie  so  near  each 

other  that  their  identification  becomes  somewhat  difficult. 

The  following  lines, 

in  agreement  with 

Janicki.  were  found  to 

be  simple: 

S4IO.O  (s) 

4.S7I.O 

4565 -7 

5348 

5 

4862.0 

4546 

i(ss) 

5346 

o(s) 

4829.5 

4544 

8 

5329 

3 

4789- 5 

4540 

9 

5328 

5(s) 

4756.3 

4540 

7 

5298 

4 

4718.6 

4535 

9 

5296 

9 

4708.2 

4530 

9 

5276 

2 

4652.3  (s) 

4526 

6 

5275 

9 

4651.4  (s) 

4497 

o(s) 

527s 

3 

4646.3  (s) 

4385 

i(s) 

5265 

9 

4626.3  (s) 

4371 

4(s) 

5264 

3 

4616.3  (s) 

4359 

8 

5247 

4 

4613  5  (s) 

4351 

9(ss) 

5208 

6(ss) 

4600.9 

4351 

2 

5206 

2(SS) 

4591  6 

4344 

7(s) 

5204 

7(ss) 

4580. 2 

4339 

8 

4922 

4 

4569.8 

4339 

6 

The  three  bright  lines  X 4289.9,  X 4274.9,  and  X 4245. 5  show  a 
peculiar  behavior.     Each  of  these  lines  ajipears  to  be  accompanied 
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by  a  so-called  '"variable  satellite."  i.e..  a  satellite  of  which  the  dis- 
tance from  the  principal  line  depends  on  the  current-strength. 
My  observations  agree  with  those  of  Janicki  and  can  be  summed  up 
as  follows:  (i)  With  a  very  small  evaporation  from  the  anode  (i.e.. 
with  about  0.7  ampere),  the  lines  are  simple.  (2)  With  an  increase 
in  the  current,  the  lines  become  double.  (3)  The  intensities  of 
the  components  are  different,  being  for  the  three  lines  above  in  the 
ratio  of  1 : 6,  1 : 5,  and  i :  6  respectively.  (4)  With  an  increase  in  the 
current,  the  distance  between  the  two  components  increases, 
(5)  This  increase  in  the  distance  is,  as  a  rule,  only  possible  when  the 
current-strength  is  increased  from  low  to  high  values.  When  the 
current  is  decreased  from  high  to  low  values,  the  change  in  the 
distance  does  not  occur  with  the  same  rapidity. 

It  appears  from  the  foregoing,  that  here  we  have  a  case  of 
unsymmetrical  reversal.  W.  Hartmann'  has  observed  these  same 
lines  in  a  magnetic  field  and  he  finds  that  their  intensity  increases 
considerably  in  the  magnetic  field.  He  also  found  that  they  show 
strong  reversal  and  that  the  distance  of  the  components  varies, 
each  component  giving  rise  to  a  triplet. 

In  the  case  of  magnesium,^  where  there  is  not  the  slightest 
doubt  that  the  lines  show  reversal,  we  find  a  similar  behavior — 
the  only  difference  being  that  in  this  case  the  reversal  is  quite 
symmetrical. 

For  the  lineX  4289.9.  the  distances  between  the  two  components 

were : 

o .  7  ampere o .  000  (simple) 

2.0  0.017  A 

2.5  0.020  A 

3.0  0.024  A 

The  other  two  lines  behave  in  exactly  the  same  manner. 

6.       COB.AI.T 

Current,  3  to  5.5  amperes  Meliing-poinl,  1500°  C. 

The  spectrum  is  very  rich  in  lines  and  requires  a  very  high 
current  to  produce  them.  Janicki  finds  that  the  four  lines  in  the 
blue  possess  satellites.  I  find  that  only  one  of  them  has  a  real 
satellite  while  the  other  three  are  most  probably  cases  of  reversal 

■  Dissertation,  Halle,  1907.  '  See  p.  197. 
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which  arise  from  the  high  currents  used.  It  may  be  mentioned 
in  passing  that  with  such  intense  currents  the  porcelain  tube  con- 
taining the  anode  melts  easily. 

The  following  lines,  in  agreement  with  Janicki,  were  found  to 
be  simple: 

5483.6  5342.9(3)  4780.0 

5444  8  5280.8  4749-9 

5369.8  5266.7  4663.6 

5369.1  4860.0  (s)  4531   I  (s) 

5353-7  4840.4(5)  4121.5(35) 

5352.2(3)  4813.7(3)  4118.9(3) 

5343  6  4793-0  4iiO-7 


4092 . 6  (3) 


The  following  lines  were  not  simple : 


A 

Janicki 

.\utbor 

4629  5 

+0.044  (2) 
0.000  (l) 

+0.045  (3) 
0.000  (10) 

4581.8 

+0.065  (l) 
0.000  (l) 

Simple  (reversal) 

4565  7 

+0.058  (l) 
0.000  (l) 

Simple  (reversal) 

4549  8 

+0.048  (i)        !    Simple  (reversal) 
0.000  (i)        1 

Janicki  remarks  that  each  of  the  last  tliree  lines  consists  of  two 
equally  bright  components  with  a  great  resemblance  to  reversal. 
He  found  that  by  increasing  the  strength,  the  increase  in  the  dis- 
tance between  the  two  components  could  not  be  noticed. 

On  the  other  hand.  I  found  that  with  a  current  of  about  4 
amperes  the  lines  were  simple,  and  with  an  increase  in  the  current, 
they  became  double,  both  the  components  being  equally  bright. 
It  appears  that  Janicki  had  chosen  a  current  of  5  or  6  amperes  to 
start  with  and  had  consequently  found  the  lines  to  be  double. 


Current,  2  to  3.5  amperc3  Melting-point.  ioSo°  C. 

Copper  is  not  an  easy  metal  to  use,  as  in  the  molten  metal 

a  gas  bubble  is  formed  which  acts  as  an  insulator  between  the 
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metal  above  and  the  metal  below.  To,  avoid  this  diiSiculty  an 
alloy  of  silver  and  copper  (80  per  cent  silver)  was  employed  which 
vaporized  quite  satisfactorily.  The  color  of  the  light  was  rich 
blu'sh-green. 

The  following  lines,  in  agreement  with  Janicki,  were  found  to 
be  simole: 


5220, 2 

IX    I  4 

4507.8  (s) 

5218.4  (ss) 

IN    I4 

44S0.5  (s) 

II  N  II  4 

51534 

I  Nil  4 

4063.5 

IN    Is 

5105-8  (s) 

4062.9  (ss) 

IN    Is 

4651-3  (s) 

4022.9  (ss) 

I  Nil  5 

4531-0  (s) 

UN    I  4 

The  following 

lines  possess  satellites: 

\ 

Janicki 

Author 

Erp. 

5782.3 
^ss) 

0.000 
-0.058 
—  0.096 

I 
2 
2 

0.000 

-0-057 
-0.095 

10 

5 
S 

6  min. 

S700  4 
(s) 

0  000 
—  0.054 
-0  0S6 

I 
2 
2 

0  000 
-0.054 
—  0 . 090 

10 

S 
5 

6  min. 

4704.8 

+0.072 

+0  033 

0.000 

2 
2 

I 

+0.073 

+0.034 

0.000 

6 
6 
10 

4  min. 

427s  3 

+0.048 
0.000 

2 
I 

+0.048 
0.000 

4 
10 

5  min. 

The  two  yellow  lines  X  5782  and  X  5700  possess  similar  structure. 
From  my  measurements  the  components  of  the  latter  can  be 
found  from  those  of  the  first  by  multiplying  it  by  { ?,. 

The  separation  of  these  satelUtes  is  rather  small  and  they  are 
probably  due  to  the  reversal  of  only  one  satellite.  Nevertheless, 
an  increase  in  the  current  does  not  seem  to  affect  their  distance 
apart,  hence  I  believe  that  they  are  real  satellites. 

The  evidence  against  this  view  is  that  Hartmann  {loc.  cit.) 
observed  that  the  lines  X  5782  and  X  5700  are  double  lines  and  that 
their  distance  apart  is  0.080  and  0.082  A  respectively.  Further, 
the  Zeeman  effect  of  these  lines  as  observed  by  Michelson  and  by 
Hartmann  shows  some  peculiarities.     Under  the  influence  of  the 
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magnetic  field,  the  components  approach  each  other  and  give  rise 
to  a  single  narrow  line  without  any  broadening.  Then  they 
separate  from  one  another,  leaving  behind  a  middle  line. 


8.       LEAD 

Current,  0.05  to  2.0  amperes  Meliing-point,  327°  C. 

Lead  alone  and  an  alloy  of  lead  and  tin  were  used.    It  was  found 

that  the  alloy  burned  much  more  smoothly  than  the  lead  alone. 

Janicki  found  that  on  the  surface  of  lead  used  at  the  anode  a  layer 

of  oxide  was  formed  very  quickl}'  and  consequently  he  had  to  take 

special  precautions  to  avoid  this  difi'icuity.     The  alloy  presents  no 

such  difi&culties. 

The  following  lines,  in  agreement  with  Janicki.  were  found  to  be 

simple : 

6041.2  5005.6(5) 

6002.1  43873(5) 

5875.0  4168.2  (s) 

5547-2  (s)  4062.3 

5045-9  4019-7(5) 

The  following  lines  possess  satellites: 


A 

Jankki 

Author 

Exp. 

6657-3  (s) 
F 

0.000 
—  0.136 

I 
2 

0.000 
—  0.130 

10 
3 

6  min. 

s6o8.2(s) 
F 

0.000 
-0.085 

I 
2 

0  000 
—  0  085 

10 

3 

5  min. 

5373^6 

+0. 1663 

+0  079, 

0.000 

—0.  III9 

3 
2 
I 
4 

6  6  6  6 

+  +      1 

4 
4 
10 

3 

6  min. 

simple 

+0.063 
0.000 

2 
10 

5201.6 

6  min. 

4S4S-2 
F 

+0.077S 

+0  037, 

0.000 

-0.051, 

3 
2 
I 
4 

+0  077, 

+0.036. 

0  000 

—0  052, 

4 
4 
10 

3 

6  min. 

4058.0  (ss) 

+0.033 

0.000 

-0.041 

I 
3 

+0.032 

0  000 

—0  041 

S 
10 

S 

S  min. 

5-vcry  l»rii:ht 


3 

(s) 

2 

(s) 

8 

4 

(ss)l 

S 

(ss) 

5 

(ss)| 
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Janicki  has  pointed  out  the  similar  structure  of  the  lines  X  5373 
and  X  4245  and  shows  that  the  satellites  of  the  latter  can  be  deduced 
from  those  of  the  former  by  multiplying  them  by  0.465. 

9.      MAGNESIUM 

Current,  0.2  to  1.0  amperes  Melting-point,  630°  C. 

Magnesium  powder  was  used  and  the  lamp  burned  quite 
smoothly.     The  color  of  the  light  is  intensely  green. 

The  following  lines,  in  agreement  with  Janicki.  were  found  to 
be  simple: 

57"  6  4571- 

5328-7(5)  4352- 

5183.8(55)!  4167. 

5172.9  (5s)  ^reversal  3838.  .  ,    ,  . 

5167 . 6  (ss)  J  3832 .  S  (ss)  [  reversal 

4703.3  (s)  3829. 

The  lines  forming  the  triplet  in  the  green  and  the  triplet  in  the 
ultra-violet  show  an  easy  reversal  and  it  is  consequently  difficult 
to  get  them  as  simple  lines.  In  this  case  was  applied  for  the  first 
time  the  sure  test  of  the  difference  between  a  line  showing  reversal 
and  a  line  possessing  a  satellite.  Apparently  the  two  cases  are  very 
similar.  With  an  extremely  small  vaporization  of  the  metal,  i.e., 
with  a  current  of  0.2  ampere,  the  lines  were  found  to  be  simple. 
As  the  vapor-density  was  increased  by  increasing  the  current,  the 
line  divided  into  two  equally  bright  components  whose  distance 
from  each  other  increased  with  the  increase  in  the  current. 

The  measurements  made  on  the  line  X  5167 . 8  gave  the  following 
results : 

Current  Distance  between  the  Components 

o.  2  ampere 0.000  A  (simple) 

0.4  ..0.028 

0.6  0.049 

0.8  o  055 

The  components  are  equally  bright  and  are  symmetrically 
situated  with  respect  to  the  original  Hne.  The  lines  X  5183  and 
X  5172  show  similar  behavior. 

P.  G.  Nutting'  has  investigated  the  structure  of  the  magnesium 
lines.     Using  an  arc  for  his  source  of  light,  he  found  all  the  Hues  to 

■  Aslrop/iysical  Joxnuil,  23,  64,  1906;  24,  iii,  1906. 
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be  simple.  With  greater  currents  he  found  each  of  the  three  green 
lines  to  be  double.  Evidently  this  was  a  case  of  reversal  regarded 
by  Nutting  as  a  change  in  the  structure  of  the  lines. 


10.      MAXGAN'ESE 

Current,  o.  7  to  2.0  amperes  Melting-point,  1245°  C. 

The  lamp  burned  smoothly  for  a  very  long  time  with  but  little 
consumption  of  the  metal. 

The  following  lines,  in  agreement  with  Janicki.  were  found  to  be 
simple : 


4844.5 

4709.0 

4823.7  (ss) 

4705  6 

4783.6  (ss) 

4502.4 

4766.6 

4499.1 

4766.0 

4491. S 

4762.6  (s) 

449° -3 

4761.7  (s) 

4436.5 

4754.2  (ss) 

4415. I 

4739-3 

4281.3 

4727.6 

4266. I 

5255 
5196 
SI5I 
SII8 
5074 
5030 

S°o5 
4862 
4858 
4858 


The  following  lines  possess  satellites: 


4257.8 
4239.9 
4235.3  (s) 
4235.3  (s) 
4083.8 
4083 . I 
4079.6 
4070.4 
4063.4 


\ 

Janicki 

Author 

Exp. 

6021.8  (s) 

Simple 

Simple 

S  min. 

Simple 

0.000 
—0.052 

10 

5 

6016.6 

5  min. 

Simple 

0.000 
-0  035 

10 

5 

6013.6 

S  mm. 

2-3  weak 
satellites 

0.000 
—0.046 
-0.104 

10 
4 
3 

3538. I 

5  min. 

5517.1 

0.000 
—0.073 
-0.118? 

I 
2 
3 

0.000 
—0.070 

— 0.I20 

10 

S 
4 

5  min. 

5506.1 

0.000 

—  0.047 
—0.089 

I 
2 
3 

0.000 

—  0.047 
-0  08S 

10 
5 
3 

5  min. 

5481.7 

0.000 
—0.065 
—0.122 

I 
2 
3 

0.000 
—  0.062 
— 0.II5 

10 
5 
3 

5  min. 
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K 

Janicki 

Author 

Exp. 

547° -9 

0.000 
-0.056 
—0.105 

I 

2 

3 

0.000 

-0.05s 
—  0.104 

10 

5 
3 

5  min. 

5407.6  (s) 

0.000 

-0.057 
—  0.105 
-1. 144 

I 
2 
3 
4 

0.000 

-0.054 
—  0.104 
-0.147 

10 
7 
5 
3 

3  min. 

5399-7 

0.000 

—  0.055 

—  0.102 
-0.143 

I 
2 
3 
4 

0.000 
-0.054 

—  0,102 

—  0.142 

10 
7 
6 
4 

3  min. 

5394  9 

0.000 
—  0.065 
One  more 

satellite 

I 
2 

0.000 

—  0.068 
No 

satellite 

10 

5 

S  min. 

0.000 
—0.036 
—  0 . 066 
-0.093? 

10 
4 
3 
3 

6  min. 

5388.7 

2  satellites 

5377-8 

0.000 
-0.035 

I 

0.000 
-0.037 

10 

4 

6  min. 

5341 . 2  (ss) 

0  000 
— 0  °57 
-0  108 
-0  149 
-0.183 

I 

3 
4 
5 

0.000 
—0.058 

—  0.107 
-0.149 

—  0. 190 

10 
7 
7 
6 
6 

3  min. 

4061 .9 

6  6  6  6 
1    1    1 

I 
2 
3 
4 

0  000 
-0.033 
—0.060 
—0.082 

10 

7 

5 

6  min. 

It  will  be  seen  that  all  the  lines  show  similar  structure.  The 
satellites  of  most  Hnes  become  uniformly  weaker — as  they  recede 
from  the  principal  Hne  and  their  distance  from  the  principal  line 
also  decreases  regularly — in  other  words,  they  constitute  a  series. 
Janicki  found  that,  knowing  the  first  satelHte,  the  others  can  be 
calculated  from  the  following  empirical  formula: 

dK-i 


dK  =  dK+- 


1.17 


Janicki  found  that  when  the  current-strength  was  increased,  the 
three  lines  X  6021.8,  X  6016.6,  and  X  6013.6  broadened  and  lost 
in  sharpness  without  showing  a  reversal. 
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On  the  other  hand,  I  found  that  the  Hne  X  6021.8  is  simple, 
while  each  of  the  other  two  possesses  a  satellite.  The  following 
observations  show  that  I  was  not  dealing  with  a  case  of  reversal: 
(i)  The  three  lines  according  to  Janicki  have  similar  structure 
but  according  to  my  observation  they  behave  differently.  (2)  The 
satellite  is  half  as  intense  as  the  principal  line.  (3)  The  distance 
of  the  satellite  from  the  principal  line  does  not  increase  with  an 
increase  in  the  current. 

X  5538. 1. — I  have  measured  the  two  satellites  which  Janicki 
could  not. 

X  5394. 9. — Janicki  thinks  that  probably  another  satellite 
exists  but  I  found  no  trace  of  any  other  satellites. 

X  5388.7. — Janicki  found  that  the  satellites  could  not  be  easily 
measured.     I  have  measured  them. 

Janicki  has  succeeded  in  investigating  a  few  more  lines  in  the 
ultra-violet  between  X  4040  and  X  4030.  These  lines  lie  very  near 
each  other,  their  wave-lengths  differing  from  one  another  by  a 
few  angstroms  only.  Here  I  had  three  diflRculties  to  face:  (i)  The 
prism  of  the  accessory  spectroscope  emploj-ed  in  conjunction  with 
the  echelon  grating  was  of  dense,  yellow  glass  and  absorbed  much  of 
the  violet  light.  (2)  The  dispersion  of  the  prism  was  rather  small 
and  the  identification  of  the  lines  so  closely  situated  extremely 
difficult.  (3)  Lastly,  the  great  drawback  of  the  echelon  grating 
was  noticed  here.  The  distance  between  the  two  neighboring 
orders  of  the  spectrum  became  very  small  and  the  lines  almost 
covered  one  another.  Consequently  I  was  not  able  to  investigate 
the  structure  of  these  lines. 

It  may  be  mentioned  here  that  Janicki,  too,  found  difficulties 
with  these  lines.  He  had  three  different  interference-plates  at  his 
disposal  but  he  could  resohe  these  lines  with  one  of  them  only. 
Moreover,  he  had  the  advantage  of  photographing  them  all 
simultaneously. 

II.       SILVER 

Current,  1.5  to  2,5  amperes  Melliiig-point,  060°  C. 

Pure  silver  and  an  alloy  of  silver  and  copper  were  used.  The 
lamp  burned  for  a  very  long  time  with  a  very  minute  consumption 
of  the  metal.     The  color  of  the  ligiu  was  intense  green. 
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The  following  lines,  in  agreement  with  Janicki.  were  found  to 
be  sharp  and  simple: 


5471-7  (s) 

IN    I  4 

4212. 1  (s) 

IN    I  5 

5465.7  (ss) 

IN    I4 

4055-5  (s) 

I  Nil  5 

5209.2  (ss) 

IN  11  4 

3981.9  (s) 

UN    Is 

4648.7  (ss) 

UN    I  4 

3841-3(5) 

II  N  II  5 

4476.3  (ss) 

II  N  II  4 

3810.6  (s) 

IN    I  6 

It  is  worth  noticing  here  that  all  the  Hnes  above  belong  to  the 
first  or  the  second  subordinate  series. 

12.      SODIUM 

D  Lines 

There  has  always  been  more  or  less  difificulty  in  getting  a  proper 
source  of  light  for  observing  the  D  hnes.  A.  A.  Michelson'  says 
that  by  using  metallic  sodium  in  a  heated  vacuum  tube,  the 
results  are  so  variable  and  the  character  of  the  lines  varies  so  much 
with  a  variation  in  temperature  and  pressure  that  a  complete 
investigation  is  not  possible.  I  found  that  in  my  lamp,  the  D  lines 
were  often  visible.  They  arose  from  the  porcelain  tube  containing 
the  metal  used  as  the  anode.  I  also  tried  an  amalgam  containing 
a  minute  quantity  of  sodium. 

With  a  very  small  current,  the  two  D  lines  are  simple  and 
extremely  sharp.  With  an  increase  in  the  current  each  of  the  two 
lines  cUvides  into  two  and  the  distance  between  the  components  so 
produced  increases.  The  black,  space  between  these  components 
remains  perfectly  sharp  but  the  outer  edges  of  the  components 
become  hazy.     These  changes  are  evidently  due  to  reversal. 

Like  Fabry  and  Perot^  and  Janicki,^  I  too  find  that  each  of 
the  D  lines  is  simple  and  not  composed  of  two  components  each 
having  a  very  weak  satellite. 

13.      TELLURIUM 

Current,  o  02  to  0.05  ampere  Mclling-point,  290°  C. 

The  lamp  burned  for  a  very  long  time  with  an  extremely  small 
consumption  of  the  metal,  one  gram  of  the  metal  lasting  for  several 
hours.  The  hght  is  intensely  rich  green  and  is  due  wholly  to  the 
green  line  X  5350.6. 

'  Phil.  .\fag.,  34,  280,  1892. 

'  Complex  n-ii<li(^,  130,  653,  1900.  2  Annaleii  drr  Pliysik,  19,  36,  1906. 
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Janicki  found  that  the  line  X  5350.6  has  one  satellite  +0. 1137 
with  an  intensity  equal  to  one-fourth  of  the  principal  line.  I  hnd 
the  distance  to  be  +0. 114  and  the  intensity  seven-tenths. 

The  principal  line  is  much  broader  than  any  other  line  examined 
by  me  (cf.  cadmium  X  5086)  and  with  very  small  currents  (less 
than  0.02  ampere)  appears  to  be  double.  When  the  current  is 
increased,  the  two  components  approach  each  other  and  give  rise 
to  a  single  line.  Since  the  line  appears  to  be  double  only  with  the 
smallest  current  available  (i.e.,  the  smallest  vapor-density)  it 
cannot  be  due  to  reversal.  Although  the  ocular  observation 
distinctly  showed  the  line  to  be  double,  I  did  not  succeed  in  photo- 
graphing it  as  such. 

Following  are  the  observations  made  on  this  line: 


Michelson* 

Fabrj'  and  Perotf 

Earnest 

Janicki  ;i 

Author 

0.00 
-I-0.02 
-i-o.i2 
-1-0. 13 

I 
h 

0.000 
-I-0.020 
-1-0. 114 

I 

0.00 
0.04 
0. 10 

I 
1 

1 

0.000 

I 

0.000 

Satellite 

0. 114 

10 

OII3; 

\ 

7 

•  Loc.  cit. 

t  Comptes  rendus,  126.  407 


t  Astrophysical  Journal,  XQ,  igo,  X004. 
11  Loc.  cil. 


Michelson  and  Perot  and  Fabry  used  tellurium  chloride  in 
Geissler  tubes. 

It  is  interesting  to  note  that  while  observing  the  Zceman  effect' 
on  the  above  line,  the  presence  and  position  of  another  satellite 
was  indirectly  determined.    This  satellite  corresponds  with  +o .  020. 


Current.  2  to  3  amperes  Melting-point,  230^  C. 

Janicki  found  that  when  tin  is  used  at  the  anode,  it  yields  large 
quantities  of  hydrogen  and  that  gas  bubbles  are  formed  in  the 
molten  metal  which,  acting  as  insulators,  break  the  current  and 
thereby  extinguish  the  arc.  He  therefore  took  special  precautions  in 
order  to  overcome  this  difficulty.  I  avoided  this  difiiculty  by  using 
an  alloy  of  tin  and  lead  which  burned  well  and  gave  no  trouble. 

Tin  gives  only  one  line.  X  4524,  in  the  visible  spectrum  and  this 
line  does  not  possess  any  satellite. 

■  Wali-.Mohammad,  Annaten  dcr  Pliysik,  39,  247,  1912. 
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15.      ZINC 

Current,  0.3  to  o.  5  ampere  Melting-point,  415°  C. 

Zinc  was  one  of  the  easiest  substances  to  use.  The  lamp  burned 
very  smoothly,  and  the  color  of  the  light  was  intense  bright  blue. 

The  following  lines  are  sharp  and  simple: 

6364.0(53)  4722.3(55) 

5182.2  4680.4  (ss) 

4810.7  (55)  4630.1 

Michelson'  found  a  component  of  X  4810  while  Houstoun^ 
found  X4810,  X4722,  and  X4680  to  be  double.  There  is  not  the 
least  doubt  that  what  Houstoun  observed  was  the  reversal. 

It  has  been  settled  by  the  researches  of  Hamy,'  Janicki,''  Gehrcke 
and  von  Baeyer,^  and  Lunelund"*  that  all  the  above  zinc  lines  are 
simple  and  do  not  possess  a  complex  structure. 

CONCLUSION 

It  will  be  seen  from  the  foregoing  that  of  the  1 5  different  metals 
investigated,  comparatively  very  few  possess  complex  hnes.  Most 
of  the  hnes  are  simple  and  none  of  the  metals  shows  the  same 
abundance  and  complexity  of  satellites  as  mercury.  Many  com- 
plex hnes  (cf.  copper,  lead,  manganese)  possess  similar  structure 
and  form  a  sort  of  minor  series. 

Further,  some  of  the  hnes  show  sy-mmetrical,  while  others  show 
imsymmetrical,  self-reversal.  Such  reversals  have  to  be  carefully 
differentiated  from  Hnes  possessing  real  satellites.  Complex  lines 
should  not  be  used  as  standard  lines  or  as  lines  of  reference. 

Lastly,  the  results  yielded  by  the  echelon  grating  agree,  on  the 
whole,  with  those  given  by  crossed  interference-plates.  The  oxy- 
cathode  proved  a  very  useful  source  of  light  for  the  investigation. 

M.A.O.  College 
Aligarh,  India 

'  Phil.  Mag.,  34,  280,  1892.  '  Ibid.,  7,  456,  1904. 

3  M.  Hamy,  Sur  le  spectra  du  zinc,  Complcs  rendus,  138,  959,  1904. 
*  L.  Janicki,  Aimalen  der  Physik,  19,  36,  1906;   29,  845,  1909. 
s  Gehrcke  und  O.  von  Baeyer,  Ibid.,  20,  269,  1906. 
'  H.  Lunelund,  Dissertation,  Helsingfors,  1910. 


A  POLARIZATION  SPECTROPHOTOMETER  USING  THE 
BRACE  PRISM 

By  HARVEY  BRACE  LEMOX 

The  two  factors  which  chiefly  control  the  sensibiHty  in  any 
form  of  photometer  or  spectrophotometer  are,  in  the  order  of  their 
importance,  (i)  the  elimination  of  the  dividing  line  between  the 
two  fields  under  comparison,  and  (2)  the  greatest  possible  conser- 
vation of  light  so  that  the  illumination  of  the  two  fields  shall  be 
perhaps  as  large  as  500  meter  candles.'  For  the  accomplishment 
of  the  first  of  these  requirements  there  are  no  devices  more  satis- 
factory' than  the  Lummer-Brodhun  cube  or  the  Brace  prism,^  both 
of  which  furnish  between  the  two  fields  lines  of  separation  of  the 
order  of  a  few  wave-lengths  only  in  width.  For  the  purpose  of 
spectrophotometry,  however,  the  Lummer-Brodhun  cube  must  be 
used  with  an  auxiliary  dispersing  prism,  whereas  the  Brace  prism 
itself  furnishes  the  dispersion  as  well  as  the  two  fields  which  are  to 
be  matched,  and  consequently  excels  the  Lummer-Brodhun  cube 
in  fulfilling  the  second  requirement  noted  above. 

In  working  with  the  Brace  prism  for  a  nimiber  of  years  certain 
very  serious  objections  to  the  manner  of  operation  as  proposed  by 
Brace  have  been  found.  In  the  original  form  of  this  instrument 
changes  of  intensity  in  one  of  the  fields  are  produced  by  changing 
the  slit-width,  and  therefore  the  spectral  purity,  if  a  continu- 
ous spectrum  is  under  observation.  For  very  small  changes  in 
intensity  this  does  not  produce  a  noticeable  difference  in  hue 
between  the  two  fields,  but  for  considerable  variations  it  does,  and 
the  accuracy  of  the  settings  is  thereby  greatly  impaired.  More- 
over, the  intensity  is  proportional  to  the  slit-width  only  where  the 
spectral  luminosity-curve  is  parallel  to  the  axis  of  wave-length, 
unless  bilateral  slits  are  employed.  WTien  these  are  used  the 
intensity  is  proportional  to  slit-width  wherever  the  luminosity- 
curve  is  a  straight  line.     Even  this  latter  condition  is  fulfilled  only 

■  Nutting,  Oiilliiics  of  Applied  Optics,  p.  172,  191 2. 

'  D.  B.  Brace,  "On  a  New  System  for  Spectral  Photometric  Work,"  Aslro- 
physical  Journal,  11,6,  1900. 
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at  two  very  limited  regions  of  the  spectrum,  and  consequently  for 
general  work  a  calibration  of  slit-width  readings  for  true  intensity 
values  must  be  made  either  with  a  rotating-sector  disk  or 
some  similar  device  which  will  give  known  changes  of  intensity 
in  front  of  one  source.  If  the  value  of  the  slit-width  in  front  of  the 
other  source  necessary  to  produce  a  match  is  measured  and  plotted 
against  the  known  intensity  furnished  by  the  sector,  then  will  the 
curve  drawn  through  all  such  points  constitute  one  of  the  curves 
of  calibration.'  These  curves  in  general  are  not  straight  lines; 
Initial  slit-width  =  J  mm 
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they  differ  for  every  different  wave-length  and  for  ever)-  different 
initial  value  of  the  slit-widths.  An  example  of  them  is  given  in 
Fig.  I,  which  shows  the  curves  for  a  single  initial  value  of  slit- 
widths,  0.5  mm,  and  for  four  different  wave-lengths.  The  per- 
centage of  intensity  as  indicated  by  slit-width  readings  is  plotted 
against  the  true  percentage  of  intensity  given  by  the  sector.  If  the 
two  agree,  the  curve  is  the  45°  straight  line.  Now  a  complete 
calibration  consists  of  a  double  infinite  set  of  such  curves  and  is  out 
of  the  question,  of  course.     A  calibration,  to  be  usable  for  quanti- 

■  Cf.  E.  V.  Capps,  "  Calibration  of  the  Slit  in  Spectral  Photometric  Measure- 
ments," Astrophysical  Journal,  ii,  25,  1900. 
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tative  work,  should  contain  observations  at  perhaps  lo  wave- 
lengths for  each  of  5  different  slit-widths,  making  50  curves.  The 
points  on  a  single  curve  require  about  100  individual  settings. 
The  labor  involved  in  such  a  calibration  is  very  great  for  the  result 
obtained.  Add  to  this  the  fact  that  the  accidental  closing  of  a  slit 
too  tight  will  change  the  origin  of  co-ordinates  by  an  unknown 
amount  and  that  any  readjustment  of  the  instrument,  especially 
any  shift  of  the  prism,  necessitates  an  entirely  new  calibration, 
and  the  great  disadvantages  in  the  use  of  the  Brace  instrument 
as  put  forth  by  him  become  apparent. 

These   disadvantages   have   been    entirely    overcome    by    the 
introduction  into  one  of  the  collimators  of  the  simplest  sort  of  a 

polarizing  arrangement.  This  in- 
volves no  sacrifice  of  intensit)'  in 
the  other  beam,  which  is  the  ob- 
jection made  by  Brace'  to  the  use 
of  polarizing  arrangements  in  his 
instrument. 

The  -modification,  Fig.  2,  con- 
sists in  the  introduction  into  one 
of  the  collimator  tubes  of  two  nicol 
prisms,  one.  A'l,  fi.xed.  and  the  other, 
N2,  capable  of  rotation  about  the 
Fig.  2  axis  of  the  collimator,  the  amount 

of  which  is  measured  by  a  divided 
circle.  In  the  mounting  of  these  nicols  three  precautions  must  be 
observed : 

I.  The  prisms  must  be  of  the  form  of  rectangular  parallelepipeds 
whose  end  faces  are  parallel  and  can  be  made  perpendicular  to  the 
collimator  a.xis,  and  an  adjustment  for  this,  especially  in  the  case 
of  the  rotating  nicol,  .V,,  must  be  provided.  If  the  axis  of  rotation 
of  1V2  is  not  coincident  with  the  collimator  axis,  a  shift  of  the  slit- 
images  will  occur  at  the  eye-end  of  the  telescope  which  is  equivalent 
to  a  shift  of  wave-length  sufficient  to  make  the  field  under  obser- 
vation variable  in  hue.  With  proper  adjustment  made  by  observ- 
ing some  briUiant  spectral  line  such  as  D3  of  helium  upon  an  ocular 
'Op.  oil.,  p.  17. 
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slit  or  cross-hair,  and  adjusting  the  set  screws  pro\'ided  on  N^ 
(not  shown  in  the  figure) ,  the  hne  under  observation  may  be  made 
to  remain  absolutely  fixed  in  position  while  the  nicol  is  rotated. 

2.  Another  equally  important  condition  is  that  the  fixed  nicol, 
A^i,  be  the  nearer  of  the  two  to  the  Brace  prism.  This  efi'ects  a 
stationary  azimuth  between  the  plane  of  polarization  and  the  prism 
surfaces,  and  hence  no  variation  in  intensity  can  be  produced 
by  the  partial  polarization  suffered  by  the  light  in  transit  through 
the  Brace  prism.  Unless  this  precaution  is  taken,  in  fact  with 
practically  every  other  arrangement  of  the  nicols  in  either  of  the 
collimator  tubes  or  the  telescope  tube,  the  partial  polarization  of 
both  beams  produced  by  reflection  at  the  glass  surface  of  the  prism 
and  from  the  silver  strip  within  is  great  enough  to  make  errors  in 
intensity  amounting  to  100  per  cent  at  low  intensities  unless  it 
be  taken  into  account.  The  magnitude  of  this  correction  can  of 
course  be  calculated  from  the  optical  constants  of  the  instrument. 
It  is  more  readily  determined  by  a  calibration  similar  to  the  one 
indicated  above  for  slit-width  readings.  Calibration-curves  of  this 
type  may  consist  of  either  a  singly  or  doubly  inlinite  family,  depend- 
ing on  the  location  of  the  nicols,  and  consequently  any  arrangement 
of  nicols  other  than  one  satisfying  the  condition  of  constancy  of 
azimuth  of  the  polarized  beam  with  reference  to  the  Brace  prism 
can  offer  no  improvement  whatever  on  Brace's  original  form.  As 
an  example  of  a  polarizing  arrangement  not  satisfying  the  above 
condition  of  constancy  of  azimuth,  note  that  given  by  Wallace' 
and  used  later  by  him,'  by  him  and  the  author,^  and  by  the  author.'' 
A  calibration-curve  t>^ical  of  this  arrangement  is  given  in  Fig.  3, 
where  the  abscissae  are  intensities  in  percentage  given  by  the 
sector  and  the  ordinates  the  same  intensities  as  measured  by 
the  polarizer,  i.e.,  given  by  sin^  6  where  9  is  the  complement  of 
the  angle  between  the  transmitting  planes  of  the  two  nicols.  The 
calibration-curves  are  seen  to  be  functions  of  the  wave-length. 
For  this  arrangement  they  are  functions  of  the  slit-widths  also. 

■  "Studies  in  Sensitometry,  I,"  Astrophyskal  Journal,  25,  124,  1907. 
'"Studies  in  Sensitometry,  II,"  ibid.,  26,  299,  1907. 
3  "Studies  in  Sensitometry,  III,"  ibid.,  29,  146,  1909. 
"Spectroscopic  Studies  on  Hydrogen."  ibid.,  35,  115,  1912. 
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For  these  reasons  no  advantage  can  be  claimed  for  this  arrange- 
ment over  the  original  Brace  instrument. 

3.  As  a  third  condition  for  success  the  Brace  prism  should  be 
so  placed  with  reference  to  the  collimator  beams  that  the  polarized 
beam  is  received  on  the  silver  strip  as  shown  in  Fig.  2,  while  the 
beam  from  the  other  collimator  passes  above  and  below  the  silver 
strip.  All  absorption  due  to  the  silver  strip  and  the  nicols  is  there- 
fore put  into  the  one  beam  which  comes  from  the  standard  source, 
and  losses  in  hght  can  therefore  be  compensated  for  by  increasing 
Slit-width  =  s  mm 


65 


^ 

/ 

/ 

y 

/ 

y 

/ 

y^ 

/ 

/ 

y 

/ 

y 

/ 

/ 

/ 

/ 

/ 

/ 

// 

/ 

/ 

/ 

/ 

/ 

/ 

y 

/ 

/ 

/ 

/ 

/ 

y 

/ 

^ 

/ 

/ 

/ 

/ 

r 

/ 

/ 

/ 

/ 

/ 

/ 

y 

/ 

/ 

/ 

/ 

/ 

y 

/ 

/ 

A 

'/ 

f 

'/ 

/^ 

/ 

/ 

X6300 


%  by  Sector 
Fig.  3 


the  intensity  of  that  source  in  which  ample  light  is  available.  The 
other  source,  which  is  under  comparison  with  the  standard,  suffers 
no  more  loss  in  intensity  than  that  necessitated  by  the  two  lenses 
and  by  its  dispersion  through  the  prism.  In  other  words,  the 
economy  of  hght  justly  claimed  by  Brace  as  being  greater  in  his 
instrument  than  in  many  other  forms  has  here  in  no  way  been 
sacrificed  except  at  the  standard  source,  where  such  economy  is 
entirely  unnecessary. 

To  determine  how  closely  the  readings  from  this  instrument  as 
given  by  sin^  B  conform  to  the  actual  intensities,  many  observations 
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using  the  rotating  sector  have  been  made.  The  insertion  of  these 
here  in  numerical  detail  is  unnecessary  since  the  results  can  be 
shown  with  great  ease  graphically,  a  single  graph  representing 
hundreds  of  settings.  The  graphs  represent  intensities  in  percent- 
age given  by  sin-  6  plotted  as  ordinates  against  percentages  given 
Slit-width  =  \  mm 
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by  the  rotating  sector  as  abscissae.  If  the  instrument  is  to  be  free 
from  all  necessity  of  having  calibration-curves  determined,  these 
graphs  should  be  coincident  with  the  45°  straight  hne  for  every 
wave-length,  slit-width,  and  condition  of  preliminary  adjustment. 
Fig.  4  represents  observations  made  at  four  different  wave-lengths 


HARVEY  BR.ICE  LEMON 


wilh  slit-widths  of  0.25  mm.  In  order  that  points  for  different 
wave-lengths  might  not  fall  too  close  together,  different  origins 
have  been  selected,  one  for  each  color,  as  shown  by  the  indicated 
scales  of  ordinates  and  abscissae.     Thus  any  set  of  points  corre- 

Slit-width  =  I  i  mm 
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spending  to  a  given  color  and  represented  by  a  gi\-en  s^-mbol  (dot, 
cross,  circle,  triangle,  etc.)  is  simply  shifted  with  reference  to  all 
the  other  sets  along  the  45°  line  so  that  points  are  uniformly  dis- 
tributed over  its  entire  length.  All  points  are  seen  to  fit  very 
closely  the  ideal  line  and  no  systematic  variation  with  color  is  dis- 
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cernible.'  Fig.  5  is  a  similar  series  of  observations  taken  with  slits 
1 . 5  mm  in  width,  and  the  same  remarks  apply.  As  a  final  test 
one-half  of  such  a  series  was  taken,  the  instrument  then  was  entirely 
dismounted  and  sent  into  the  shops  for  refinishing  of  its  mechanical 
and   some  of  the  optical  parts.     After  reassembling,  a  different 
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Brace  prism  was  put  in,  the  slit-widths  were  made  different,  and 
the  remaining  half  of  the  observations  taken  at  different  wave- 

'  Quantitative  measurements  of  the  true  sector  openings  have  not  been  made. 
The  sector  was  carefully  laid  out  and  filed  to  the  ruled  lines.  The  errors  are  less  than 
those  of  ordinary  observation  in  intensity  matches,  but  they  begin  to  make  appear- 
ance in  measurements  compiled  from  very  extensive  series  of  settings,  such  as  these. 
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lengths  from  those  used  before.  The  same  line  fits  one  half  of  the 
points  just  as  well  as  the  other  half.  The  departures  are  accidental 
in  character  and  not  at  all  systematic.  Since  the  most  unfavorable 
conditions  possible  were  here  imposed  and  speed  was  sought  as  well, 
each  point  being  the  mean  of  only  five  settings  instead  of  the  ten 
usually  taken,  it  is  not  surprising  that  the  accidental  departures  from 
the  true  curve  are  a  little  more  than  in  the  preceding  two  figures. 
Figs.  4,  5,  and  6  show  conclusively  that  this  form  of  instru- 
ment needs  no  calibration  whatever  for  wave-lengths,  slit-width, 
prism,  or  condition  of  preUminary  adjustments,  that  intensities 
as  measured  by  sin^  d  taken  directly  from  the  average  of 
group  settings  represent  actual  intensities.  The  sensibility  of  the 
instrument,  provided  the  optical  surfaces,  especially  those  of  the 
nicols,  are  carefully  worked  and  are  entirely  free  from  minute 
scratches,  approaches  the  sensibility  of  the  human  eye  to  differences 
in  intensity.  To  sum  up,  then,  we  have  in  this  form  of  instrument 
one  in  which  the  great  economy  of  light  furnished  by  the  Brace 
prism  is  entirely  preserved,  together  with  the  excellence  of  elimi- 
nation of  the  dividing  line,  whereas  there  is  complete  freedom  from 
the  cumbersome  calibrations  hitherto  characteristic  of  that  instru- 
ment. 

This  form  of  photometer  is  put  on  the  market  by  the  firm  of 
William  Gaertner  &  Co.,  Chicago,  to  whom  acknowledgments  are  due 
for  the  loan  of  an  instrument  for  a  number  of  years  and  for  many 
mechanical  changes  very  obligingly  made  as  this  new  form  was 
developed.  Miss  K.  T.  Aschenbrenner  has  been  of  assistance  also 
in  taking  long  sets  of  observations  and  aiding  in  their  reduction. 

For  the  benefit  of  those  utilizing  nicol  prisms  for  controlling 
intensities,  a  table  of  sin''  6  by  degrees  and  tenths  to  four  places  is 
appended.  The  pages  are  unnumbered  and  perforated  along  the 
edge  so  that  they  may  be  rcmo\-cd  and  mounted  on  a  card  for  ready 
reference  if  desired. 

Ryerson  Physical  Laboratory 
University  of  Chicago 
December  1913 
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ax  application  of  the  registering  micro- 

photo:meter  to  the  study  of  certain 

types  of  laboratory  spectra' 

By  ARTHUR  S.  KING  and  PETER  PAUL  KOCH 

The  constantly  widening  use  of  photography  as  a  means  of 
recording  observations,  and  the  fact  that  a  large  proportion  of  such 
observations  involve  the  measurement  of  the  density  of  the 
photographic  image  and  frequently  the  gradual  variations  of  this 
density,  give  rise  to  exacting  requirements  in  the  application  of 
photometry  to  the  study  of  photographic  plates.  Instruments 
in  use — ^the  best  kno\vn  of  which  is  probably  the  Hartmann  micro- 
photometer^ — measure  with  high  precision  the  density  of  a  restricted 
area  of  the  photographic  image,  and  can,  with  care  and  patience, 
be  operated  to  show  the  variation  of  this  density  from  point  to 
point.  There  is,  however,  an  obvious  need  for  an  apparatus  which 
will  record  photographically  the  varying  intensities  of  a  series  of 
objects,  such  as  the  lines  in  a  spectrum  or  a  set  of  interference  rings, 
and  show  also  their  distance  apart.  This  can  be  done  if  the  photo- 
graphic objects  to  be  measured  are  made  to  move  slowly  in  front 
of  an  opening  through  which  a  beam  of  light  from  a  constant  source 
is  passed,  and  the  resulting  changes  in  the  intensity  of  this  light 
are  recorded  on  a  moving  photographic  plate.  The  effects  obtained 
for  such  a  variation  in  the  light-energy  transmitted  will  then  corre- 
spond closely  to  those  yielded  by  the  recording  bolometer  for  vari- 
ations in  heat-energy. 

This  principle  is  applied  in  the  registering  micro-photometer 
which  was  designed  by  one  of  the  writers  and  constructed  under 
his  direction  in  the  physical  laboratory  of  the  University  of  Munich. 
A  detailed  account^  of  its  construction  and  of  the  prehminary  tests 
has  been  pubHshed.  together  with  succeeding  papers^  on  the  use  of 
the  instrument  in  various  photometric  studies. 

■  Conlribiilioiis  from  the  Mount  Wilson  Solar  Observatory,  No.  77. 

'  Zeitschrijt  Jiir  Inslrumentenkunde,  19,  97,  1899. 

3  Koch,  Annaleii  dcr  Physik,  39,  705,  191 2. 

'  Ibid.,  ^o,  797;  41,  lis;  4^,  i,  1913- 
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In  the  summer  of  1913,  arrangements  were  made,  with  the 
ready  consent  of  Professor  Rontgen,  by  which  this  apparatus  was 
brought  by  the  designer  to  the  Mount  Wilson  Solar  Observatory 
and  mounted  in  the  Pasadena  laboratory,  where  it  was  operated 
steadily  for  several  weeks  in  registering  intensity-curves  for  a 
variety  of  subjects  represented  in  the  photographs  made  in  the 
different  lines  of  investigation  carried  on  at  the  Observatory. 
The  object  of  the  present  paper  is  to  give  an  account  of  the  action 
of  the  photometer  when  applied  to  the  study  of  several  t>-pes  of 
spectrum  Hnes  on  plates  made  in  the  physical  laboratory.  The 
photographs  thus  examined  have  already  been  described  in  papers' 
on  the  various  phenomena  of  the  electric  furnace  and  the  tube-arc. 
The  results  of  this  photometric  study  serve  to  supplement  the 
examination  previously  made,  and  also  to  demonstrate  the  use- 
fulness of  the  micro-photometer  in  a  branch  of  spectroscopy  where 
quantitative  measures  of  line-intensity  and  structure  are  highly 
desirable. 

The  observations  to  be  described  were  necessarily  preUminary 
in  character  and  of  very  limited  scope.  The  heavy  demands  on 
the  instrument  during  the  short  time  it  was  available  did  not  per- 
mit of  the  repetition  of  slightly  defective  records,  which  would  have 
added  to  the  finish  of  the  results. 

-APPARATUS   AND   METHODS 

The  construction  of  the  instrument  need  be  described  only  in 
outline  here,  as  a  detailed  account^  has  already  been  published, 
A  beam  of  light  from  a  Nernst  lamp  passes  through  a  slit,  across 
which  the  photographic  plate  to  be  examined  is  moved  by  clock- 
work connected  with  the  platform  on  which  it  rests.  The  light 
then  passes  to  a  photo-electric  cell,  which  responds,  bj'  varying 
activity  of  the  discharge  from  its  potassium-coated  electrode,  to 
the  change  in  density  of  the  photographic  plate  as  the  latter  passes 
across  the  beam  of  light.  The  other  electrode  of  the  photo-electric 
cell  is  connected  to  the  vertical  filament  of  a  string  electrometer, 
the  plates  of  which  are  maintained  at  a  potential  difference  of  about 

■  King,  ContribuUons  from  the  Mount  Wilson  Solar  Observatory,  Xos.  60,  73,  76; 
Aslropliysical  Journal,  35,  183,  1912;  38,  313,  1913;  39,  I39i  i9'4- 
'  Koch,  loc.  cil. 
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200  volts.  The  varying  charge  on  the  filament,  resulting  from  the 
changing  activity  of  the  cell,  causes  a  horizontal  movement  of  the 
filament.  This  movement  is  recorded  by  an  image  of  the  filament 
being  projected  on  a  photographic  plate  which  moves  vertically 
downward  in  a  box  having  a  horizontal  slot  on  the  side  toward  the 
electrometer.  The  rate  of  fall  of  this  registering  plate  is  controlled 
by  the  same  clockwork  that  moves  the  plate  to  be  registered  across 
the  illuminated  slit,  and  the  motion  results  in  a  curve  being 
imprinted  on  the  registering  plate,  the  highest  point  of  which  (as 
the  plate  is  usually  oriented  when  examined)  represents  the  maxi- 
mum density  of  the  photographic  image  which  is  being  recorded. 
The  relative  rates  of  movement  of  the  negative  and  of  the  register- 
ing plate  are  arranged  to  give  a  convenient  scale  for  the  intensity- 
curve.  The  methods  of  adjusting  the  sensitiveness  according  to 
the  subject,  the  proper  slit-widths  and  the  reduction  of  inertia 
in  the  recording  system  have  been  described  by  the  designer. 

In  the  tests  of  which  an  account  is  to  be  given,  the  plates 
recorded  were  negatives  made  by  double-copying  on  small  plates, 
in  order  to  avoid  cutting  the  large  original  negatives.  The  plate 
was  clamped  on  the  moving  platform  of  the  apparatus  so  that  the 
spectrum  line  to  be  recorded  was  parallel  to  the  slit,  which  for  this 
work  was  o .  038  mm  wide  and  i .  5  mm  long.  The  movement 
across  the  slit  by  means  of  the  clock-drive  then  gave  the  variation 
in  the  light  transmitted  to  the  photo-electric  cell,  enabling  the 
intensity-curv'e  to  be  traced  by  the  recording  apparatus.  The 
adjustments  permitted  of  a  ratio  of  either  7.65  or  46.4  between 
the  movement  of  the  negative  and  of  the  registering  plate.  The 
latter  ratio  was  used  throughout  the  present  work,  so  that  a  regis- 
tering plate  12  cm  long  gave  the  density-curves  for  a  range  of 
about  2.5  mm  on  the  plate  under  examination.  Except  for  the 
inconvenience  of  shifting  the  negative  on  its  platform  and  piecing 
together  the  intensity-curves  on  the  short  registering  plates,  the 
apparatus  as  originally  constructed  proved  well  adapted  to  the 
study  of  the  several  types  of  spectra  to  be  described. 

The  relation  between  electrometer  deflection  and  density  of  the 
photographic  image  has  been  investigated.'  and  found  to  be  almost 

'  Koch,  Aiutalen  der  Physik,  39,  734,  igi2. 
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linear  up  to  a  certain  degree  of  blackening,  above  which  the  sensi- 
tiveness of  the  instrument  decreases  rapidly  as  complete  blackness 
is  approached.  The  machine  can  be  made  to  register  the  deflection 
corresponding  to  ma.ximum  photographic  density  whenever  neces- 
sary if  the  Nernst  lamp  which  illuminates  the  negative  be  covered 
for  a  few  seconds  at  the  beginning  or  end  of  a  registration.  A  line 
showing  the  ordinate  of  total  blackness  will  then  be  traced  on  the 
registering  plate.  The  ordinates  of  all  intensity-curves  on  the  plate 
should  then  stop  short  of  this  height  by  an  amount  depending  on 
the  sensitiveness  for  which  the  instrument  is  adjusted.  It  can  be 
made  sensitive  close  to  the  point  of  ma.ximum  blackness,  but  in 
this  case  the  illumination  must  be  decreased  for  the  lower  part  of 
the  curve  by  the  introduction  of  glass  plates  whose  absorption  is 
known.  This  somewhat  difficult  operation  can  usually  be  avoided 
by  the  selection  of  negatives  of  such  exposure  that  all  objects  to 
be  registered  are  within  the  range  of  density  for  which  the  deflec- 
tion is  proportional  to  the  degree  of  blackening. 

To  place  the  classification  of  spectrum  lines  according  to  their 
intensity  on  an  accurate  quantitative  basis,  the  directly  measured 
density  distributions  of  the  photographic  image  must  be  reduced 
to  Lntensitj-  distributions,  using  properly  chosen  standards  of  rela- 
tive intensity.'  This  presents  a  problem  which  can  probably  best 
be  solved  by  relating  the  intensity  distribution  of  the  spectrum 
lines  directly  to  the  distribution  of  the  black  body.-  Further,  it 
will  be  important  to  .see  how  far  the  influence  of  the  spectrograph 
employed  modifies  the  intensity  distribution  of  the  tj^je  of  spectrum 
line  under  exammation,  and  if  there  is  need,  to  apply  a  correction 
for  this.  The  latter  problem  is  under  investigation  by  one  of  the 
writers,  the  first  results  having  been  published.^  The  spectrum 
lines  whose  density  curves  are  now  to  be  discussed  were  not 
photographed  with  the  data  necessary  to  reduce  the  densities  to 
intensities  in  a  simple  mamier,  so  that  the  results  are  quantitative 
to  a  limited  degree  only, 

'  Koch,  Annalcn  der  Pliysik,  30,  841,  1909;  34,  377,  1911. 
'Ibid.,  39,  749,  1912. 

'  Ibid.,  42,  I,  1913. 
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RESULTS 

I.  Curves  for  sharp  and  diffuse  lines. — Values  for  the  intensities 
of  spectrum  lines  are  usuallj'  given  with  tables  of  wave-length 
measures,  very  rough  estimates  in  general  being  made  to  serve. 
The  requirements  are  more  exacting  when  the  variations  of  hne- 
intensities  caused  by  changes  in  the  physical  condition  of  the  source 
are  considered,  and  any  gain  in  accuracy  in  work  of  this  kind  is  to 
be  welcomed.  The  more  distinctive  differences  between  arc  and 
spark  spectra  and  between  furnace  spectra  for  different  tempera- 
tures are  usually  well  marked,  and  a  practiced  observer  may  attain 
a  fair  degree  of  accuracy  in  eye-estimates  of  intensities  for  lines 
which  are  similar  in  their  distribution  of  intensity  over  the  width. 
Serious  difficulties  arise,  however,  in  the  comparison  of  "sharp" 
lines  with  those  variously  described  by  the  words  "diffuse,"  "nebu- 
lous," "hazy,"  '' Kiiscliarf."  and  similar  terms.  The  latter  are 
much  wider  in  proportion  to  their  density  than  are  the  sharp  lines, 
and  the  eye  does  not  readily  combine  the  qualities  of  density  and 
width  so  as  to  compare  accurately  lines  in  which  these  elements 
vary  in  different  proportions.  The  purpose  of  the  registering 
micro-photometer  is  to  show,  by  the  height  and  width  of  the 
density-curve,  how  black  and  how  wide  the  spectrum  line  is  in 
the  negative,  and  also  to  measure  by  its  area  how  much  blackness 
is  produced  by  the  light  from  the  line  in  question.  Evidently  this 
last  property,  if  photographic  differences  are  minimized  by  taking 
lines  from  the  same  plate,  will  give  much  closer  values  for  the 
relative  amounts  of  luminous  energy  emitted  by  the  spectrum 
lines  than  can  be  attained  by  eye-estimates. 

A  set  of  lines  to  test  the  micro-photometer  in  this  regard  was 
selected  from  the  arc  spectrum  of  titanium  near  X  4000  and  the 
curves  for  eight  typical  lines,  four  sharp  and  four  dift'use,  are  given 
in  Fig.  I .  The  diffuse  lines  are  not  so  extreme  in  this  quality  as 
can  be  found  in  other  spectra,  such  as  that  of  the  copper  arc, 
and  the  fast  plate  used  gives  a  less  abrupt  rise  at  the  base  for  the 
curves  of  the  sharp  lines  than  could  be  attained  with  greater  con- 
trast in  the  negative;  but  the  typical  differences,  given  by  the 
gradual  slope  of  the  diffuse-line  curves,  resulting  in  a  larger  area 
in  proportion  to  the  height,  are  very  distinct.     The  areas  of  the 
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Fig.   I. — Cur\-es   for  sharp  and  diffuse  lines  of  ihe  titanium  arc,  with  areas 
inclosed  by  each  curve. 
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curves  (before  being  reduced  for  reproduction)  were  measured  b}" 
means  of  a  transparent  scale  ruled  in  millimeter  squares.  These 
areas,  in  sq.  cm,  are  given  for  each  Una. 

In  Fig.  I  the  curves  for  diffuse  and  sharp  lines  are  placed 
adjacent  to  each  other.  They  were  traced  from  hnes  on  the  same 
negative,  with  the  sensitiveness  of  the  photometer  unchanged 
throughout.  None  of  the  lines  was  of  maximum  photographic 
density  in  any  part.  It  is  seen  that  for  each  pair  the  diffuse  line 
has  its  maxim.um  distinctly  lower  than  the  sharp  line,  but  the 
diffuse  member  of  the  pair  has  the  greater  area,  except  for  XX  4009 .  82 
and  4013.72,  where  the  difference  in  height  is  large  and  the  areas 
nearly  equal.  The  inaccuracy  of  considering  the  density  of  the 
maximum  as  representing  the  amount  of  photographic  action  pro- 
duced by  a  given  spectrum  line  is  quite  evident,  as  is  also  the  diffi- 
culty of  estimating  by  eye  to  what  degree  the  width  of  a  diffuse 
line  makes  up  for  the  lack  in  density  of  its  center. 

For  lines  having  a  similar  intensity  distribution  over  the  width, 
the  blackness  of  the  centers  will  be  closely  proportional  to  the  total 
intensities  of  the  several  Hnes.  Thus  in  the  lower  four  curves  of 
Fig.  I  the  ratio  of  the  heights  for  the  two  diffuse  Unes  and  for 
the  two  sharp  Hnes  is  in  each  case  about  2:3,  which  is  approxi- 
mately the  ratio  of  their  respective  areas.  Such  a  proportionaHty 
does  not  hold  for  the  upper  four  Hnes  of  this  figure  and  there  is  in 
general  enough  difference  in  the  degrees  of  sharpness  and  diffuse- 
ness  of  individual  lines  to  render  unsafe  an  estimate  of  the  relative 
intensities  based  on  the  densities  of  the  maxima,  even  for  Hnes 
apparently  of  the  same  type.  The  area  of  the  intensity-curve  is  in 
general  required  as  the  measure  of  the  strength  of  a  line,  due  regard 
being  paid  to  the  decrease  in  sensitiveness  of  the  instrument  at 
higher  densities  mentioned  on  p.  216. 

2.  Electric  furnace  lines  for  different  temperatures. — The  curves 
given  in  Fig.  2  are  for  strong  titanium  lines  at  temperatures  of 
about  2400°  C.  and  2100°  C.  respectively.  The  areas  of  the 
curves  for  2100°  represent  the  intensities  more  correctly  than 
those  for  the  higher  temperature,  as  the  ordinates  of  the  latter 
reach  the  height  for  which  the  sensitiveness  of  the  instrument 
decreases.     The  unequal  intensities  of  the  members  of  the  close 
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doublet  XX  4536. 12  and  4536.  25  at  low  temperature  are  well  shown 
by  the  curves.  The  one-sided  notching  of  the  curve  representing 
this  doublet  at  2400°  shows  that  the  difference  persists  in  some 
degree  at  the  higher  temperature.     The  general  relation  shown  in 


Fig.  2. — Curves   for  electric   furnace  lines  of  titanium,  produced  at   ;40o''  C. 
(above)  and  2100°  C. 


this  figure  is  one  wlticli  has  I)een  notfd  in  the  electric  furnace  stud- 
ies of  one  of  the  writers,  i.e.,  thai  low-temperature  lines,  when  given 
high  density  by  long  exposure,  still  remain  narrow;  while  at  higher 
temperatures,  there  is  a  decided  change  in  the  direction  of  greater 
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width,  if  the  exposures  are  timed  to  give  the  same  general  density 
at  both  temperatures.  When  the  quantity  of  vapor  is  sufficient, 
the  lines  which  are  given  at  low  temperature  undergo  a  gradual 
softening  of  their  centers  and  often  pass  into  reversal  as  the 
temperature  rises. 

Time  permitted  the  registration  of  only  a  few  curves  for  the 
electric  furnace  spectra,  and  while  these  have  shown  the  main 
problems  involved  in  adapting  the  method  to  this  work,  it  was  not 
possible  to  carry  out  the  experiments  necessary  to  solve  these  diffi- 
culties. In  addition  to  timing  the  exposures  so  as  to  obtain  the 
proper  range  of  density  for  the  lines  at  each  temperature,  the  vary- 
ing contrasts  in  the  negatives  must  be  dealt  with.  Slight  dififer- 
ences  in  contrast  are  given  by  different  developments  for  plates  of 
the  same  kind,  and  still  larger  variations  are  encountered  in  the 
different  plates  adapted  to  certain  regions  of  the  spectrum.  To 
eliminate  the  effects  of  such  differences  will  probably  require  the 
exposure  of  a  part  of  each  spectrum  plate  to  lights  whose  relative 
intensities  are  known.  Such  a  scale  may  be  based  on  an  absolute 
unit  of  light-intensity.  The  registration  by  the  micro-photometer 
of  these  different  degrees  of  blackening  will  then  reduce  the  curves 
for  spectrum  lines  on  different  plates  to  a  common  scale. 

3.  Curves  for  lines  displaced  by  pressure. — The  intensity  dis- 
tribution in  spectrum  lines  when  displaced  by  pressure  around  the 
source  is  of  interest  in  connection  with  the  question  as  to  how  far, 
if  at  all,  the  pressure-effect  is  to  be  considered  as  an  unsymmetrical 
widening.  It  is  well  known  that  some  lines  become  very  unsym- 
metrical under  pressure,  but  these  belong  in  general  to  the  class 
of  diffuse  Hnes  and  are  probably  never  quite  symmetrical.  They 
show  dissymmetry  in  the  arc  very  readily  at  atmospheric  pressure 
when  the  vapor  density  is  increased  or  when  the  discharge  condi- 
tions are  altered.  Sharp  lines  should  be  used  to  test  the  general 
effect  of  pressure,  and  for  this  purpose  three  sharp  lines  of  iron, 
^^5371  ■734-  5397-344'  and  5405.989  (the  first  and  third  being 
international  standards  of  the  second  order),  photographed  with  the 
electric  furnace'  at  pressures  of  8,  16,  and  24  atmospheres,  were 

'King,  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  60;  Astro- 
physical  Journal,  3s,  183,  igi2. 
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registered  by  the  micro-photometer.  The  curves  for  the  first  two 
lines  are  reproduced  in  Fig.  3.  The  total  width  of  a  line,  which 
in  this  case  is  greatest  for  16  atmospheres,  bears  no  direct  relation 
to  the  pressure,  unless  the  conditions  of  the  source,  especially  as 
to  temperature  and  quantity  of  vapor,  are  kept  strictly  constant 
for  different  pressures.  Other  photographs  were  made  at  each 
pressure  for  which  the  lines  were  both  wider  and  narrower  than 
those  reproduced  here.  The  main  point  of  interest  is  the  close  sym- 
metry maintained  by  the  reversed  line  at  the  three  pressures. 
The  degree  of  symmetry  can  be  tested  by  means  of  the  reference 
line  traced  by  the  machine  during  the  descent  of  the  plate,  the  dis- 
tance of  the  curve  from  this  line  measuring  the  intensity  at  a  given 
point.  The  line  is  shown  for  each  of  the  curves  of  X  5371 .  734  and 
for  the  i6-atmosphere  curve  of  X  5397.344,  but  is  omitted  from 
the  two  others  on  account  of  defective  plates.  The  relative  areas 
of  the  two  sides  of  the  reversed  line  were  measured  by  bisecting 
the  reversal  and  counting  the  number  of  millimeter  squares  included 
between  the  curve  and  the  reference  line  for  equal  distances  right 
and  left  until  the  curve  became  low.  The  areas  thus  measured  for 
X  5371 .  734  at  the  three  pressures  are  as  follows: 


Area  in  Sq.  Cm 

8Atm. 

16  Atm. 

24  .\tm. 

16.7 
I7-S 

0.8 

20.  S 
21.0 
o.S 

20.5 

20.9 

0.4 

The  small  differences  that  appear  arc  probably  real  and  give  slightly 
larger  areas  for  the  red  side  of  the  line.  They  are  so  nearly  of  the 
same  magnitude  that  evidently  there  is  no  direct  connection  with 
the  pressure.  The  e.xtra  area  on  the  red  side  is  chiefly  on  the  outer 
part  of  the  curve  and  may  fairly  be  ascribed  to  the  action  of  the 
grating,  which  gave  a  slightly  hazy  edge  on  the  red  side  of  strong 
lines  unless  the  area  of  the  ruled  surface  was  greatly  reduced. 

As  a  result  of  the  close  approximation  to  symmetry  for  lines  at 
these  varying  pressures,  it  is  clear  that  the  narrow  line  emitted  by 
the  cooler  and  less  dense  vapor  near  the  end  of  the  furnace  tube  is 
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displaced  by  pressure  to  the  same  degree  as  is  the  wider  Une  given 
by  the  vapor  near  the  middle  of  the  tube's  length,  since  the  absorp- 
tion of  the  latter  radiation  due  to  the  cooler  \-apors  gives  the  re- 
versed line  observed.  Unsymmetrical  broadening  is  in  general 
much  more  pronounced  for  wide  lines,  and  should  increase  with  the 
pressure.  The  close  symmetry  which  these  measurements  show 
for  the  reversed  line  at  24  atmospheres  indicates  a  definite  effect 
b\'  pressure  regardless  of  the  width  of  lines  or  of  the  temperature 
or  density  of  the  vapor  which  produces  them.  This  is  in  harmony 
with  the  conclusions  previously  arrived  at  by  direct  experiments' 
on  variation  of  temperature  and  vapor  density  for  given  pressures, 
and  adds  to  the  evidence  that  the  pressure  effect  is  a  real  displace- 
ment of  the  maximum  of  the  line,  at  least  for  those  lines  which  are 
classed  as  "sharp"  in  spectra  given  with  the  source  in  vacuum  or 
at  atmospheric  pressure. 

4.  Intensities  of  reversed  lines. — -The  estimation  by  the  eye  of 
the  relative  intensities  of  reversed  lines  and  the  comparison  with 
sharp  lines  involve  much  uncertainty.  In  the  case  of  clearly 
reversed  lines,  one  is  inclined  to  lay  stress  on  the  relative  ■widths  of 
the  reversals.  This  is  probably  safer  with  furnace  lines  than  with 
those  of  other  sources,  by  reason  of  the  slow  gradient  in  the  condi- 
tion of  the  vapor  from  center  to  end  of  the  tube,  which  remains 
nearly  constant  during  an  exposure.  Unless  there  are  Unes  in 
various  stages  of  partial  reversal  on  the  same  plate,  there  is  no 
simple  means  of  connecting  the  intensity  estimates  for  reversed 
and  unreversed  lines. 

The  registering  micro-photometer  promises  a  distinct  advance 
in  this  direction.  A  line  may  be  very  broadly  reversed,  but  if 
enough  structure  remains  in  the  two  sides  to  give  its  total  width 
and  the  slope  of  the  curve  from  the  violet  and  red  sides  respectively, 
the  central  portion  may  be  filled  out  by  graphical  methods  so  as  to 
inclose  an  area  which  will  represent  with  considerable  closeness 
the  intensity  which  the  emission  line  would  have  if  unaffected  by 
the  absorption  which  brings  about  the  reversal.  A  reversal  much 
wider  than  those  shown  in  Fig.  3  by  X  5371 .  734  at  8  and  16  atmos- 
pheres would  still  give  the  intensity  of  the  line  if  measured  in  this 

■  Kinn,  op.  cit.,  pp.  199,  202. 
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way,  since  the  slope  is  nearly  constant  above  a  point  less  than  half 
of  the  maximum  ordinate  of  the  curve. 

5.  Intensity  curves  for  tube-arc  lines. — From  the  foregoing  study, 
it  is  evident  that  this  form  of  micro-photometer  is  well  adapted 
to  show  differences  in  structure  and  intensity  of  spectrum  Unes. 
Both  of  these  elements  vary  for  different  parts  of  the  same  line  in 
the  case  of  the  spectrum  of  the  tube-arc,  described  by  one  of  the 
writers.'  This  arc  takes  place  when  the  furnace  tube  burns  apart, 
causing  a  heavy  arc  current  to  pass  at  low  voltage.  The  enhanced 
lines  are  given  strongly  in  this  source  and  large  differences  appear 
in  Unes  produced  at  the  center  and  near  the  wall  of  the  ruptured 
tube. 

Curves  were  traced  with  the  micro-photometer  for  a  number 
of  typical  lines  given  by  the  tube-arc  when  the  spectrum  was  photo- 
graphed according  to  the  method  described  in  the  second  paper, 
in  which  the  slit  coincided  with  the  vertical  diameter  of  the  tube's 
image.  The  line  on  the  negative  was  then  about  20  mm  long. 
By  parallel  diamond  scratches  running  the  length  of  the  plate,  each 
line  was  divided  into  four  equal  sections.  The  successive  regis- 
tration of  these  sections  gave  the  curves  shown  for  several  lines 
in  Fig.  4.  The  slit  of  the  photometer,  being  i .  5  mm  long,  inte- 
grated the  density  of  this  length  of  the  spectrum  Hne,  and  as  the 
tube-arc  lines  sometimes  change  rapidly  both  in  strength  and  in 
structure  over  a  short  portion  of  the  length,  the  form  of  the  curve 
does  not  quite  represent  the  true  condition  of  the  line  at  any  point. 
The  four  sections  are  indicated  by  a,  b,  c,  d,  to  correspond  with 
successive  parts  of  the  line  given  from  bottom  to  top  of  the  tube's 
cross-section.  The  portion  given  by  the  a.xis  of  the  tube  would 
come  between  sections  b  and  c. 

The  several  curves  of  Fig.  4  may  be  considered  in  order.  No.  i 
represents  the  enhanced  line  of  magnesium,  X  4481,  which  the 
tube-arc  photographs  have  shown  to  be  double,  with  the  violet 
component  the  stronger.  The  photographs  which  gave  the  best 
definition  of  the  components  of  the  doublet  were  too  strong  to  be 
used  in  the  micro-photometer,  the  plate  selected  for  this  purpose 

'  King,  Coiitribiilioiis  from  the  Mount  Wilson  Solar  Observatory,  Nos.  65  and  73; 
Astrophysicdl  Journal,  37,  119;  38,  315,  1913. 
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Fig.  4. — Cur\*es  for  lines  emitted  by  different  parts  of  the  tube-arc: 


I.  A/jc  (enhanced,  double) 

3.  C  (enhanced,  double) 

3.  Pb  (enhanced) 

4.  r(arc) 


5.  Ti  (enhanced) 

6.  Fe  (arc) 

7.  r.-(arc) 

S.  1*  (arc,  reversed) 
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showing  the  components  somewhat  diffuse.  However,  the  reso- 
lution is  shown  in  d,  while  the  dissymmetry  toward  the  violet  is 
distinct  in  all  parts  and  the  relative  intensities  of  the  doublet  as  a 
whole  at  the  different  heights  are  typical  of  the  usual  behavior  of 
the  line  in  the  tube-arc.  The  greatest  strength  is  seen  to  be  at  h, 
shghtly  below  the  center  of  the  tube,  but  the  line  retains  consider- 
able intensity  toward  each  end. 

A  much  more  rapid  gradation  from  the  maximum  is  shown  by 
X  4267  of  carbon,  represented  by  the  curves  of  No.  2.  This  line, 
usually  appearing  only  in  the  spark,  was  also  shown  by  the  tube- 
arc  to  be  double,  with  its  stronger  component  to  the  red.  The 
dissymmetry  is  shown  b}'  the  curves.  The  maximum  is  very  dis- 
tinctly at  h,  retaining  some  strength  at  c.  and  being  relatively  very 
weak  at  a  and  d,  near  the  wall  of  the  tube. 

The  enhanced  line  of  lead,  X  4247,  a  symmetrical,  single  Une, 
shows  in  No.  3  an  intensity-gradation  very  similar  to  that  of  No.  2. 
These  three  sets  of  curves  serve  to  show  the  variation  of  intensity 
for  spark  lines;  the  maximum  enhanced-line  radiation  being  given 
at  the  height  b.  The  hydrogen  lines  in  the  tube-arc  would  give 
very  broad  curves,  similar  in  relative  areas  to  Nos.  2  and  3. 

The  remaining  curves  of  Fig.  4  are  for  Hnes  strong  in  the  arc 
as  well  as  in  the  spark.  None  of  them  shows  the  greatest  strength 
at  h,  though  No.  5,  an  intermediate  type  represented  by  the  en- 
hanced hnes  of  titanium  and  vanadium,  is  strongest  in  the  lower 
half  of  the  tube,  weakening  at  c  and  d.  The  iron  arc  line,  No.  6, 
shows  a  gradation  tj'pical  of  the  arc  lines  of  several  elements,  with 
its  maximum  at  c. 

The  titanium  and  vanadium  arc  lines,  Nos.  4,  7.  and  8,  are 
strongest  near  the  wall  of  the  tube  at  a  and  d,  showing  a  distinct 
minimum  at  h,  where  the  enhanced  Hnes  are  strongest.  Through- 
out this  figure,  the  entire  curve  for  a  given  portion  of  a  line  is  shown, 
and  no  attempt  is  made  to  represent  the  different  heights  from  the 
same  reference  Hne. 

The  set  of  curves.  No.  8,  is  of  special  interest,  showing  the  vari- 
able dissymmetry  in  the  reversal  of  a  vanadium  arc  line.  It  is  a 
general  effect  for  reversed  lines  that  the  dissymmetr}-,  when  present, 
is  most  decided  near  the  center  of  the  tube. 
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These  curves  serve  to  supplement  the  material  presented  in  the 
second  paper'  on  the  tube-arc  phenomena,  where  the  probable 
relation  of  the  effects  to  those  observed  for  the  arc  and  spark  under 
different  conditions  was  discussed.  It  is  evident  that  if  a  set  of 
curves  were  traced  for  successive  portions  of  the  tube-arc  hne  from 
end  to  end,  with  the  slit  of  the  micro-photometer  as  short  as  possible. 
a  plot  could  be  made  with  the  areas  of  the  curves  as  ordinates  and 
distances  along  the  line  as  abscissae  which  would  represent  with 
considerable  accuracy  the  intensity  variation  given  by  different 
parts  of  the  tube-arc  for  the  line  in  question.  Such  a  plot  was 
made,  from  eye-estimates  of  the  relative  intensities,  in  the  paper 
referred  to  (p.  321). 


The  material  offered  in  this  paper  is  the  result  of  a  preliminary 
application  of  the  micro-photometer  in  registering  the  distribution 
of  photographic  density  over  the  width  of  the  spectrum  line.  The 
types  of  lines  examined  have  shown  that  the  instrument  may  be 
used  effectively  to  bring  out  several  features  which  are  important 
in  the  comparison  of  spectra. 

1.  A  quantitative  measure  is  obtained  of  the  relative  strengths 
of  lines  having  very  different  appearance,  especially  the  sharp  and 
diffuse  lines  often  occurring  in  the  same  spectrum,  when  the  maxi- 
mum density  of  the  line  cannot  be  taken  as  the  measure  of  its 
intensity.  An  extension  to  the  measurement  of  the  intensity  of 
reversed  lines  appears  to  be  possible. 

2.  The  characteristics  of  hnes  given  at  different  temperatures 
of  the  electric  furnace  have  been  examined,  together  with  the  re- 
quirements necessary  that  spectra  of  this  sort  may  be  comparable 
for  measurements  of  relative  intensity. 

3.  Intensity-curves  for  electric  furnace  lines  when  displaced  by 
pressure  show  that  a  Hne,  if  originally  sharp,  may  maintain  a 
structure  very  nearly  symmetrical  through  a  wide  range  of  pres- 
sures. Thus  the  pressure-effect  does  not  appear  to  be  the  result 
of  unsymmetrical  widening,   and   the  symmetry  of  reversals  is 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  73;  Astrophysical 
Journal,  38,  315,  1913. 
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further  evidence  of  a  lack  of  dependence  on  temperature  or  vapor 
density. 

4.  The  use  of  the  instrument  in  the  study  of  tube-arc  lines  of 
different  classes  shows  that  it  registers  very  satisfactorily  the  vari- 
ous peculiarities  of  intensity  and  structure  in  hues  from  this  source. 

MoxJNi  Wilson  Solar  Observatory 
Xovember  19 13 


THE  FUNDAMENTAL  LAW  OF  THE  GRATING 
By  JANET  TUCKER  HOWELL 
THE    COINCIDENCE   METHOD 

The  fundamental  law  of  the  grating  is  that  iVX=w  {sin  6+ 
sin  4')  where  N  is  the  order  of  the  spectrum,  X  is  the  wave-length,  w 
is  the  distance  apart  of  the  lines  of  the  grating  from  center  to  center, 
6  is  the  angle  between  the  incident  light  and  the  normal  to  the 
grating,  and  4>  is  the  angle  between  the  diffracted  light  and  the 
normal.  With  the  concave  grating  mounting  used  by  Rowland 
</>=o  and  the  law  of  the  grating  becomes  N\  =  u'  sin  6.  It  follows 
therefore  that,  for  any  one  angle  6,  N\  is  constant,  and  it  is  possible, 
knowing  standard  wave-lengths  in  one  order,  to  measure  the 
wave-lengths  of  lines  in  the  superimposed  spectra  of  other  orders. 
This  procedure,  known  as  the  method  of  coincidences,  was  used  by 
Rowland  in  determining  his  Table  of  Standards;  and  in  parts  of 
the  spectrum  in  which  standards  have  not  been  established  by 
independent  interferometer  measurements,  it  is  still  the  only  method 
for  the  determination  of  wave-lengths. 

SUMMARY    OF   PREVIOUS   WORK   ON   GR.A.TING   MEASUREMENTS 

Kayser  in  his  tirst  paper  on  '"Standards  of  Wave-Length'" 
took  up  the  question  of  the  errors  in  Rowland's  Table  of  Standards. 
These  errors  are  due  largely  to  the  fact  that  Rowland  shifted  difler- 
ent  parts  of  the  spectrum  to  make  his  solar  and  arc  spectra  agree, 
but  Kayser  thought  they  were  due  partly  to  a  second  cause, 
namely,  the  unreliability  of  the  coincidence  method,  and  the  object 
of  his  work  was  to  test  this  method.  Using  the  method  of  coinci- 
dences Kayser  determined  the  wave-lengths  of  a  group  of  third- 
order  lines  from  second-order  standards  with  two  different  gratings 
and  found  a  systematic  difference  in  his  values  amounting  to  o .  033 
A.  This  could  be  accounted  for  by  supposing  one  of  the  gratings 
to  have  suffered  a  linear  displacement  of  the  rulings  of  one  part 

'  Aslrophysicol  Journal,  19,  157,  IQ04. 

230 


THE  FUNDAMENTAL  LAW  OF  THE  GR.A.TING  231 

with  respect  to  the  rest/  were  it  not  for  the  fact  that  in  calcu- 
lating the  Fabry  and  Perot  standards  by  the  coincidence  method 
he  found  an  error  amounting  to  0.019  A  even  for  his  better 
grating.  As  there  was  no  reason  for  doubting  the  values  of  Fabry 
and  Perot,  Kayser  came  to  the  conclusion  that  neither  of  his 
gratings  was  available  for  coincidence  work  and  thought  it  highly 
improbable  that  gratings  existed  perfect  enough  for  accurate 
measurements  by  this  method.  He  therefore  confined  his  work 
on  wave-length  measurements  to  direct  interpolation  between 
Fabry  and  Perot  standards  of  the  same  order."" 

Since  Kayser's  last  paper,  work  has  been  done  on  this  subject  in 
several  directions.  Papenfus  in  1911^  published  two  papers  on  the 
availabiUty  of  the  coincidence  method  for  wave-length  measure- 
ments. Working  with  a  13-ft.  concave  grating  ha\'ing  10,000 
lines  to  the  inch  he  determined  the  values  of  the  tertiary  stand- 
ards from  X  6065  to  X  6678  by  direct  interpolation  and  from 
X  4076  to  X  4376  by  the  coincidence  method.  He  compared  his 
values  in  both  cases  with  Kayser's  values  determined  by  direct 
interpolation  and  found  the  same  order  of  difi'erence,  which  showed 
that  no  appreciable  error  had  been  introduced  by  the  use  of  the 
coincidence  method  in  the  case  of  his  grating. 

Goos  has  done  some  recent  wave-length  work  with  a  plane 
grating  having  7000  lines  to  the  inch."  He  investigated  the  effect 
of  varying  the  light-source,  using  first  a  short  arc  of  3  or  4  mm 
and  then  a  long  arc  of  8  or  9  mm.  With  the  short  arc  the  Hues 
were  broader  and  when  the  broadening  was  unsymmetrical  the 
values  found  with  the  two  types  of  arc  differed  sometimes  by  as 
much  as  0.02  A.  So  he  arrives  at  the  conclusion  that  a  varia- 
tion in  the  Hght-source  used  will  account  for  large  variations  in  the 
values  found  for  tertiary  standards  and  that  before  these  tertiary 
standards  can  be  estabhshed  with  any  degree  of  accuracy  a  more 
exact  definition  of  the  standard  arc  is  necessary. 

The  most  recent  work  on  tertiary  standards  has  been  done  at 

^  Ibid.,  18,  278,  1903.  ^  Ibid.,  32,  217,  1910. 

i  Zeilschrift  Jiir  wissenschaftliche  Photographic,  9,  332,  349,  1911. 
*  AstrophysicalJournal,  35,  221,  1912;  37,  48,  1913;  38,  141.  1913- 
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Moiuit  Wilson  by  St.  John  and  Ware.'  They  worked  both  at  Pasa- 
dena and  at  Mount  Wilson  and  found  that  owing  to  the  difference 
in  pressure  amounting  to  about  one-tifth  of  an  atmosphere,  due  to 
the  height  of  Mount  Wilson,  some  of  the  lines  were  appreciably  dis- 
placed and  unsymmetrically  widened.  The  mean  difference  for  lines 
suffering  a  great  displacement  amounted  to  about  0.05  A  per 
atmosphere.  The  secondary  standards  were  displaced  only  0.006 
A  per  atmosphere,  and  in  the  region  investigated  they  found  25 
lines  which  were  symmetrically  widened  and  only  slightly  displaced 
under  pressure  which  they  recommend  as  tertiary  standards. 

The  work  of  Goos  on  the  variation  of  wave-length  with  the 
length  of  arc  and  that  of  St.  John  and  Ware  on  the  displacement 
and  uns>Tnmetrical  broadening  of  some  lines  under  pressure  shows 
that  there  is  a  chance  for  large  errors  in  wave-length  measure- 
ments if  the  experimental  conditions  vary  to  any  extent.  It  leads 
one  to  suspect  that,  after  all,  the  inadaptability  of  one  or  both  of 
Kayser's  gratings  to  coincidence  work  may  not  have  been  alto- 
gether responsible  for  the  errors  found.  In  calculating  the  Fabry 
and  Perot  standards  by  the  coincidence  method  it  is  possible  that, 
although  the  standards  themselves  might  not  be  subject  to  any 
appreciable  variation  in  wave-length,  the  intermediate  tertiary 
standards  used  might  belong  to  the  type  that  is  subject  to  displace- 
ment and  unsymmetrical  broadening  under  varying  experimental 
conditions.  As  these  intermediate  tertiary  standards  lie  between 
X  3550  and  X3630,  a  region  which  has  not  been  investigated  in  this 
respect,  there  is  as  yet  no  conclusive  evidence  on  this  point. 

There  is  one  source  of  error  in  coincidence  work  for  which  cor- 
rection should  be  made  in  any  absolute  determinations  of  wave- 
length. This  error  is  due  to  the  fact  that  the  dispersion  of  air 
varies  with  the  temperature.  The  following  example  will  show 
the  magnitude  of  the  effect. 

H  =  ~  where  n  is  the  refractive  index,  X,  is  the  wave-length  in 

A 

ether  and  X  is  the  waw-ltMiglli  in  air.  Suppose  liiat  the  wave- 
lengths X  5640,  first  order,  and  X  28.20,  second  order,  coincide 
exactly  at  0°  C.  and  760  mm  pressure. 

•Op.  cit.,  36,  14,  191 2. 
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Then 

^fi  =  «Xs640  =  1 .0002924X5640 
and 

^«  =  «X  2820=  1 .0003091X2820. 

At,  10°  and  760  mm  the  values  for  n  are  different. 

Xf,     I  0002924X5640 

X,  =  —  = ^—=--^-^=5640 .09187 

}j  1. 0002761 

Kc!  1.000^091X2820        ■      „  „ 

\,  =  -^  = '^'—^ =  2820 .  04847 

II  1. 0002919 

.'.  2A,,— X,  =  5640.0969—5640.0919  =  0.005  A. 

So  that  two  lines  which  coincide  exactly  at  0°  C.  will  differ  by 
0.005  A  ^•t  10°  C.  This  shows  the  importance  of  keeping  the 
temperature  constant  and  may  account  to  a  large  extent  for  the 
variations  found  in  measurements  by  the  coincidence  method. 
In  exact  determinations  of  wave-length  by  this  method  all  values 
should  be  reduced  to  standard  conditions. 

The  work  of  Papenfus  showed  that  his  grating  is  adapted  to 
coincidence  work  and  it  is  possible  that  one  of  Kayser's  gratings 
may  be  also,  but  the  coincidence  method  is  far  from  being  rein- 
stated in  the  position  of  importance  it  enjoyed  at  the  time  of 
Rowland's  work.  It  was  with  the  purpose  of  further  testing  the 
method  that  the  piece  of  work  here  reported  was  undertaken. 

RESULTS    OF    THIS    INVESTIGATION 

The  work  consists  of  two  parts.  In  the  first  part,  using  the 
international  standards  from  X  5266  to  X  5434  in  the  second 
order,  I  determined  from  them  by  the  method  of  coincidences 
the  superimposed  third-order  lines  in  this  region  with  two  gratings, 
one  having  15,000,  the  other  20,000  lines  per  inch.  This  is  the 
same  region  that  Kayser  used  in  comparing  his  20,000-  and  16,000- 
line  gratings.  My  results  agreed  remarkably  well  and  show  that 
the  two  gratings  examined  are  perfect  enough  for  wave-length 
determinations  by  the  method  of  coincidences.  But  this  part  of 
the  work  did  not  in  itself  constitute  a  thorough  proof  of  the  law  of 
gratings.  In  the  second  part  of  my  paper  I  have  shown  that  it  is 
possible,  starting  with  one  standard  line  and  assuming  the  law  of 
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gratings,  to  determine  the  value  of  secondary  standard  lines  to 
such  a  degree  of  accuracy  that  it  would  be  feasible — if  the  secondary 
standards  were  not  already  determined  by  independent  methods — - 
to  start  from  one  kno^vn  line  and  build  up  a  whole  system  of  wave- 
lengths from  it,  provided  of  course  that  the  gratings  used  in  the 
work  were  as  good  as  the  ones  with  which  I  have  been  working. 
This  second  part  of  my  work  shows  that  a  system  of  wave-lengths 
can  be  built  up  from  one  line  by  means  of  the  coincidence  method 
which  will  attain  the  degree  of  accuracy  originally  claimed  for  this 
method  by  Rowland  and  therefore  verities  the  fundamental  law 
of  gratings. 

APP.A.R.\TUS 

After  the  death  of  Rowland  his  two  ruling  machines  were  not 
used  until  19 lo,  when  they  were  again  put  into  working  order  by 
Dr.  J.  A.  Anderson.  Several  of  the  gratings  ruled  last  year  by 
Dr.  Anderson  have  been  at  rm  disposal.  I  have  had  therefore 
exceptional  opportunities  for  carrying  on  grating  work.  I  only 
regret  that  I  ha\e  not  had  the  time  to  test  a  larger  number  of  them 
in  the  same  and  in  different  directions.  In  the  first  part  of  my  work, 
comparing  tertiary  standards  obtained  by  the  coincidence  method 
with  two  gratings,  I  used  one  of  Rowland's  six-inch  concave  grat- 
ings with  a  21-foot  radius  and  20,000  lines  to  the  inch,  and  one  of 
Anderson's  si.x-inch  concave  gratings  with  approximately  the  same 
radius  and  15,000  lines  to  the  inch.  In  the  second  part  of  my  work 
it  was  necessary  to  work  with  superimposed  spectra  of  higher  orders, 
so  I  used  one  of  Anderson's  concave  gratings  having  a  radius  of 
21  feet  and  7,500  lines  per  inch. 

The  grating  mounting  was  that  used  by  Rowland  and  Jewell  in 
their  work.  The  experimental  conditions  were  kept  as  constant  as 
possible,  so  that  any  line-displacement  due  to  a  variation  in  the 
light-source  would  occur  to  the  same  extent  throughout  the  work. 
In  the  event  therefore  of  a  standardization  of  the  light-source  to  be 
employed  in  wave-length  measurements,  my  values  could  not  be 
used  for  tertiary  standards.  They  are,  however,  correct  in  rela- 
tion to  each  other  and  this  is  all  that  is  necessary  in  comparing  the 
values  obtained  from  different  gratings  in  a  proof  of  the  coincidence 
method.  The  iron  arc  used  was  about  4  mm  long  and  was  operated 
at  1 10  volts  with  a  direct  current  of  between  5 . 5  and  6 . 5  amperes. 
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Owing  to  the  fact  that  the  Johns  Hopkins  University  is  situated 
in  the  middle  of  a  city,  it  was  found  impossible  to  use  plates  taken 
in  the  daytime,  as  the  vibrations  due  to  the  traffic  seriously  impaired 
the  sharpness  of  the  lines.  All  the  plates  used  for  measurement 
were  therefore  taken  between  12  p.m.  and  6  a.m.  The  method  of 
measuring  the  plates  was  as  follows:  The  secondarj'  standards 
X  5266 .  569  (group  d)  and  X  5434 .  527  (group  a  of  Gale  and  Adams) 
were  used  to  determine  the  scale  of  each  plate  in  the  second  order. 
Using  the  scale  thus  determined,  the  values  of  the  intermediate 
standard  Hnes  X  5371 .495  (group  a)  and  X  5405.78  (group  a)  were 
calculated.  From  the  differences  between  the  calculated  and 
standard  values  a  caUbration-curve  of  each  plate  was  drawn  from 


X526o  5300  S3S0  S400  5430 

Fig.  I. — Typical  calibration-curve  for  a  plate  between  X5266  and  X  5434 


which  the  readings  for  aU  other  hnes  were  corrected.     A  typical 
calibration-curve  is  shown  above  in  Fig.  i. 

The  measuring  engine  was  specially  constructed  for  use  in  this 
piece  of  work.  The  screw  was  ground  by  the  Rowland  method 
until  all  periodic  errors  were  sufficiently  eliminated  for  the  purpose 
and  it  was  estimated  that  the  errors  outside  of  the  error  of  the 
screw  did  not  amount  to  more  than  one-fifth  of  a  division  on  the 
head  of  the  screw.  One  division  on  the  screw-head  =  0.001  mm 
and,  as  it  was  found  impossible  to  count  on  successive  readings 
agreeing  to  within  less  than  0.005  ^^>  the  error  of  the  instrument 
is  negUgible  in  comparison  with  the  error  of  setting  on  a  hne.  The 
readings  were  made  to  thousandths  of  a  millimeter,  and  from 
twelve  to  fifteen  readings  were  made  on  each  line.     The  plates 
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were  reversed  after  the  whole  region  had  been  measured  in  one 
direction  three  times. 

The  scale  of  my  plates  was  such  that  for  the  20,000-line  grating 
I  mm  =  o.9702  A  and  for  the  15,000-Hne  grating  i  mm=  i  .30729  A, 
in  the  second  order.  After  correcting  the  readings  for  each  line 
from  the  calibration-curve  of  the  plate  the  wave-lengths  of  the 
lines  were  found  in  terms  of  this  scale  in  the  second  order  and  then 
reduced  to  third-order  values  by  multiplying  by  the  factor  |. 

FIRST    P.ART — RESULTS 

The  region  between  X  5266  and  X  5434  was  measured  as  de- 
scribed above.  In  this  region  there  is  only  one  second-order  line 
which  is  on  the  list  recommended  by  St.  John  and  Ware  as  tertiary 
standards.  It  was  therefore  the  only  second-order  line  I  measured, 
and  my  values  are  given  below  in  Table  I,  together  with  those 
obtained  by  other  observers.  This  line  belongs  to  group  a  in  the 
classification  of  Gale  and  Adams. 


TABLE  I 

20,000  Grating 

15,000  Grating 

Kayscr 

1 
Goos 

St.  John 

5429.7005 

5429.7001 

5429   701 

5429.700 

5429   702 

As  there  was  no  way  of  telling  which  of  the  third-order  lines 
were  the  best  for  this  work  and  the  least  affected  by  varying  experi- 
mental conditions,  I  measured  all  those  which  were  sharp  on  both 
sets  of  plates.  The  reading  for  any  one  line  on  one  plate  did  not 
differ  from  the  mean  value  of  the  four  plates  used  by  more  than 
0.003  mm.  The  greatest  difference  found  between  the  values  of 
any  third-order  line  calculated  by  the  two  gratings  amounted  to 
0.005  A,  a  difference  which  occurs  only  once  in  the  47  lines  meas- 
ured.    The    sum    of    the    differences    amounts    to    4-0.0620    and 

0.03S3 
—  0.0237  A,  the  average  dilferoncc  being  only  H —  =+o.oooS 

47 
.     .  0.0857  .        -       1 

A  and   the   average   variation  =  =>= =±0.0018  A.     bo  the 

47 
difference  between  two  lines  measured  on  different  gratings  by 
the  coincidence  method  is  of  the  same  order  of  magnitude  as  the 
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difference  between  values  of  the  same  line  measured  on  different 
plates.     This  proves  that  the  two  gratings  employed  were  perfect 
enough  to  be  used  in  wave-length  measurement  by  the  coincidence 
method.     The  tabulated  results  are  given  in  Table  II. 
TABLE  II 


20,000  Grating     is.oo 

0  Grating 

Difference         K, 

lyser       Ro 

nrland 

3513.8220 

8226 

+0 

oooO 

821 

97 

35^1 

2669 

2674 

+ 

0005 

26 

41 

35M 

0803 

0809 

+ 

0006 

07 

22 

35^4 

2463 

2469 

+ 

000b 

24 

39 

3526 

0470 

0453 

— 

0017 

03 

18 

3526 

1705 

1721 

+ 

0016 

23 

38 

3526 

3843 

3839 

— 

0004 

38 

53 

3526 

6785 

6806 

+ 

0021 

66 

81 

3527 

7999 

8033 

+ 

0034 

78 

93 

3529 

8235 

8265 

+ 

0030 

80 

95 

3533 

0115 

0103 

— 

0012 

00 

IS 

3533 

2028 

2057 

+ 

0029 

19 

34 

3536 

5597 

5632 

+ 

0035 

55 

70 

3540 

1314 

1349 

+ 

0035 

12 

27 

3541 

0925 

0939 

+ 

0014 

09 

24 

3542 

0819 

0787 
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0032 

08 

23 

3545 

6437 

6487 

+ 

0050 

62 

77 

3553 

7459 

7432 

— 

0027 

72 

87 

3554 

1250 

1238 

— 

0012 

II 

26 

3554 

9299 

9265 

— 

0034     3554 

92      3555 

07 

3556 

8822 

8831 
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0009     3556 

880     3557 

03 

3558 

5213 

5211 

— 

0002 

52 

67 

3565 

3862 

3880 

+ 

0018 

38 

53 

3570 

1049 

1045 

— 

0004 

12 

27 

3571 

9985 

9968 

— 

0017     3572 

00      3572 

15 

3575 

3745 

3750 

+ 

0005 

35 

50 

3581 

2017 

2024 

+ 

0007 

20 

i5 

3582 

2069 

2061 

— 

0008 

19 

34 

3584 

f'657 

6672 

+ 

0015 

65 

80 

3584 

9628 

9636 

+ 

0008     3584 

96      3585 

II 

3585 

3255 

3274 

+ 

0019 

32 

47 

3585 

7118 

7142 

+ 

0024 

71 

86 

3586 

1172 

1 1 65 

— 

0007 

II 

26 

3586 

9921 

9918 

— 

0003     3586 

97      3587 

12 

358Q 

i"5 

1 103 

— 

0012 

10 

25 

3594 

6419 

6397 

— 

0022 

62 

77 

3603 

2095 

2106 

+ 

OOII 

20 

35 

3605 

4595 

4615 

+ 

0020 

47 

62 

3606 

6846 

686s 

+ 

0019 

682 

83 

3608 

8645 

8621 

— 

0024     3608 

85      3609 

01 

3610 

1584 

1597 

+ 

0013 

16 

31 

3612 

0805 

0851 

+ 

0046 

08 

23 

3617 

7899 

7939 

+ 

0040 

78 

93 

3618 

3899 

3923 

+ 

0024 

38 

53 

3618 

7723 

7730 

+ 

0007 

77 

92 

3621 

4634 

4655 

+ 

0021 

46 

61 

3622 

0061 

0088 

+ 

0027 

00 

15 
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SECOND    PART — THEORY 

In  this  part  of  my  work  I  have  tried  to  furnish  a  real  proof  of 
the  accuracy  with  which  the  fundamental  law  of  the  grating  holds. 
The  grating  used  in  this  part  was  one  of  Anderson's  with  7,500  lines 
to  the  inch  and  a  radius  of  21  feet.  For  my  fundamental  Une  I  chose 
X  5232.957,  one  of  the  international  secondary  standards  (group  d) 
and  proceeded  as  follows  to  determine  the  scale  of  my  plate,  knowing 


(5  th 

32  9 

srdcr) 

5451 

(jth  order  1 

1 

<  1 

1 

r 

(6th  order) 


Fig.  3 

only  this  one  wave-length  and  the  law  of  gratings.  I  first  photo- 
graphed this  Une  in  the  5th  order.  A  plate  of  this  t>pe  is  illustrated 
in  Fig.  2.  On  Fig.  2  we  know  the  wave-length  of  line  X 5232. 957 
in  the  5th  order.  Near  it  is  a  hne  in  the  6th  order  which  we  shall 
call  4361,  although  its  wave-length  is  not  known.  The  distance 
between  X  5232.957  (5th)  and  4361  (6th)  is  a  mm.  Then,  if 
X  mm=  I  A  in  the  5th  order, 

a 
the  distance  a=-  A. 


THE  FUNDAMENTAL  LAW  OF  THE  GJLiTING  239 

The  wave-length  of  the  line  4361  will  then  be  X,=  (5232 .9574-") 
A  in  terms  of  the  5th  order,  which  gives 

X,  =  [s232.957+^Ji:  A 

in  the  6th  order. 

The  grating  is  now  shifted  so  as  to  bring  the  line  4361  in  the  5th 
order  on  the  middle  of  the  plate.  A  plate  of  this  type  is  illustrated 
in  Fig.  3.  At  a  distance  b  mm  from  4361  in  the  5  th  order  there 
will  be  a  line  in  the  4th  order  which  we  shall  call  5451.  This  line 
also  occurs  on  Fig.  2  in  the  5  th  order  at  a  distance  c  mm  from 
X 5232.957,  the  standard  hne: 


a  A 


in  the  5th  order 
in  the  5th  order 


5451  =  A,  =  1^5232  9S7+^J;'+^A 
^.  =  ([533-957+3^+3^  A 


in  the  4th  order. 
Also  from  Fig.  2 , 

'^-•  =  5451  =  (5232  957+^.)a 
in  the  5  th  order 

■•■(s232.9S7+3  =  ([5232  957+3^+0t 
■"•  5232-957-*'=24c— 25a— 306 
.'.  .T=no.  of  mm  per  A  in  the  5th  order 
^_24c-25a-3o6 
5232.957 

In  practice  I  used  four  hnes  in  the  neighborhood  of  X 5232.9 
instead  of  the  one  referred  to  above  as  4361.  Then  for  the  line 
given  as  5451  I  used  one  of  the  international  standards,  X  5455 .614 
(group  a),  so  that  my  scale,  obtained  entirely  by  the  coincidence 
method,  might  more  easily  be  compared  with  the  scale  obtained 
directly  from  the  two  standards  X  5232.957  and  X  5455.614.  In 
order  to  identify  the  lines  it  was  of  course  necessary  to  take  plates 
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with  color-filters  to  cut  out  all  except  certain  orders.  I  then  took 
four  plates  of  Fig.  2  and  four  of  Fig.  3.  The  values  for  6  for  each 
of  the  four  lines  used  in  place  of  4361  were  then  averaged  for  the 
four  plates  of  Fig.  3.'  each  line  being  read  nine  times.  These 
average  values  for  b  were  then  used  with  the  different  values  for  a 
and  c  obtained  from  each  of  the  four  plates  of  Fig.  2.  The  values 
for  a  and  c  and  the  average  values  of  b  are  given  in  Table  III.  The 
four  lines  used  for  4361  are  denoted  by  the  symbols  I.  II,  III,  IV. 
On  two  plates  there  were  only  three  lines  good  enough  for  accurate 
measurement. 

The  values  for  x,  the  number  of  mm  per  angstrom  in  the 
5th  order  are  given  in  Table  IV.  The  subscripts  I,  II,  III,  IV 
indicate  which  of  the  four  hnes  was  used  in  obtaining  .r  and  the 
mean  value  of  x  obtained  by  the  method  of  coincidences  is  then 
compared  with  x  (standard) ,  the  value  found  by  assuming  the  two 
international  secondary  standards  X  5232.957  and  X  5455.614 
in  the  usual  way. 

The  greatest  error  for  the  scale  of  the  plates  determined  by  this 
method  amounts  to  one  part  in  a  hundred  thousand  and  the  mean 
error  to  three  parts  in  a  million.  It  is  easier,  however,  to  judge  the 
method  by  comparing  the  values  for  the  standard  line  X  5455.614 
as  found  by  the  coincidence  method  with  the  accepted  value  as 
found  by  independent  interferometer  measurements.  This  com- 
parison is  made  in  Table  V. 

We  therefore  see  that  the  ma.ximum  error  introduced  by  cal- 
culating one  standard  line  from  another  by  the  method  of  coinci- 
dences is  0.0029  A  and  the  mean  error  amounts  to  only  0.0007  ^^• 

In  calculating  the  line  X  5455.6  from  the  original  line  X  5232.9 
there  has  of  course  been  no  calibration-correction  made.  But 
even  in  starting  with  a  set  of  the  international  standards  it  is  neces- 
sary to  use  two  of  them  without  caUbration-correction  of  any  kind 
in  order  to  get  the  scale  of  the  plate.  In  order  to  carry  out  the 
scheme  of  building  up  a  whole  system  of  wave-lengths  from  one 
line  it  would  be  necessary,  after  establishing  a  second  line  in  the 
manner  described  above,  to  determine  the  intermediate  standard 
lines  by  coincidences  in  the  same  way,  starting  from  each  of  the 
two  fundamental  standards  as  base  line  and  also  from  each  new 
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standard  as  it  is  determined.  In  this  way,  by  averaging  the  results, 
each  line  will  be  established  with  sufficient  accuracy  to  be  used  as 
a  standard  line  and  from  these  standards  a  caHbration-curve  may 


I 

II 

III 

IV 

Plate  \(a) 

a 

b 

—  9.2226 
•4-II .  2161 

+  7.7708 
-2 .9545 

+  17  3393 
-10.9239 

+  26.0642 
—  18.1977 

212.5546 

Plate  1(6) 

a 

b 

-  9.2228 
+  11 .  2161 

+  7769 
-2  9545 

+  17342 
-10.9239 

+  26.0616 
-18.1977 

Plate  l{c) 

+  7-7761 
-2^9545 

+  17  3419 
-10.9239 

+  26.067 
-18.1977 

h. 

Plate  I(rf) 

a 

b 

-  92215 
-f  II .2161 

+  173412 
-10.9239 

+  26.066 
-18.1977 

212-5534 

Plate 

x,„ 

X„„ 

^(im 

^<IV) 

'^mcan 

■''standard 

Difference 

1(a) 

1(6) 

1(c)..  .. 

0.954607 
95459 

0.954656 
.954614 
•954598 

0-954631 
.95460 
■95461 

0.954617 

0.954649 
.954614 
■954614 

0.954618 

0    954636 
954604 
■954607 
0.95461 

0  954628 
.954610 
.954610 

0.95462 

—  0  000008 
+    .  000006 
+      000003 

i{d) 

o.  954595 

TABLE  V 


Plate 

*'(mm) 

-~^=Ca 

S232-9S7+Ca 
St.  Line  Calc. 

Standard 
I.A. 

Difference  from 

St.  5455.614 

la—. 

212.5546 
212.5507 
212.550 
212.5534 

222.6553 
222.6585 
222.65707 

222.6599 

5455  61 23 
5455  6155 
5455.61407 
5455  6169 

5455614 
5455  614 
5455-614 
5455  614 

—  0  0017 
+     0015 

Ijr— 

Ic— . 

u— 

+0.0029 

be  drawn  for  the  plate.  Then  the  other  lines  of  all  the  superimposed 
spectra  in  the  region  can  be  determined.  These  hnes  will  give 
starting-points  for  similar  work  in  other  parts  of  the  spectrum.  Of 
course  as  the  steps  involved  in  the  work  carry  one  farther  and 
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farther  from  the  two  original  lines,  errors  might  accumulate  to  a 
very  appreciable  extent,  but  at  the  same  time  every  new  line  that  is 
established  will  give  another  reference  hne  from  which  the  next  lines 
may  be  determined.  So  that  by  tying  up  each  new  line  by  coin- 
cidences with  many  other  lines,  some  of  greater,  some  of  less,  wave- 
length, the  errors  introduced  will  offset  each  other. 

My  original  intention  in  taking  up  this  work  was  to  build  up,  in 
some  part  at  least,  a  system  such  as  this.  To  build  up  an  entire 
system,  determining  each  line  with  a  sufficient  number  of  coinci- 
dences to  insure  the  desired  accuracy,  would  be  a  stupendous  task. 
It  would  also  be  an  unnecessary  one,  because  the  values  obtained 
for  the  standard  lines  could  not  obtain  an  accuracy  greater  than 
that  of  the  international  system.  It  is  therefore  simpler  to  use 
these  standards  to  begin  with.  I  have  shown,  however,  that,  ha\Tng 
these  standards  throughout  part  of  the  spectrum,  it  is  possible  to 
investigate  the  region  into  which  they  do  not  extend  by  means  of 
the  coincidence  method  with  an  accuracy  as  great  as  has  been 
obtained  as  yet  in  wave-length  determination  by  direct  interpola- 
tion. Before  a  grating  can  be  used  for  this  work  it  must  be  tested 
by  the  method  given  in  Part  II  of  this  paper  in  order  to  see  how 
closely  it  obeys  the  law  of  gratings.  The  results  obtained  with  my 
three  gratings  have  been  so  good  that  it  is  perhaps  not  too  much 
to  say  that  a  grating  which  is  unfit  for  coincidence  work  is  the 
exception  and  not  the  rule. 

In  conclusion  I  wish  to  thank  Dr.  J.  S.  Ames  and  Dr.  J.  A. 
Anderson,  under  whose  direction  this  research  has  been  conducted, 
for  the  help  and  advice  they  have  given  me  and  the  interest  they 
have  taken  in  my  work. 

Johns  Hopkins  Univkrsitv 
June  1913 


THE  INFRA-RED  ABSORPTION  SPECTRA  OF  SOME 
ALKALOIDS 

By  B.  J.  SPENCE 

During  the  last  two  decades  an  extended  study  of  the  ab- 
sorption of  many  chemical  compounds  has  been  made  by  various 
investigators.  The  field  has  been  not  only  that  covered  by  the 
visible  spectrum,  but  the  ultra-violet  and  the  infra-red  regions  have 
been  subjected  to  close  scrutiny.  The  attempt  has  been  chiefly  to 
relate  absorption  spectra  to  molecular  or  atomic  grouping  and 
also  to  relate  a  variation  in  the  absorption  spectra  to  a  variation 
in  molecular  or  atomic  groupings.  The  attempts  have  not  been 
as  fruitful  and  the  results  as  clearly  defined  as  one  would  perhaps 
anticipate.  The  infra-red  region  possesses  an  advantage  which 
the  ultra-violet  and  visible  regions  do  not,  namely,  that  of  extent, 
consequently  the  infra-red  is  more  likely  to  yield  data  for  any  given 
substance  from  which  inferences  may  be  drawn. 

Organic  compounds  have  been  the  chief  source  of  study  owing 
to  their  variety  and  in  many  instances  to  their  apparently  simple 
molecular  groupings.  Coblentz  (Carnegie  Instilution  Publications, 
No.  35)  has  made  a  systematic  study  of  a  large  group  of  substances 
and  his  results  taken  in  conjunction  with  those  of  other  investi- 
gators have  led  to  many  interesting  conclusions,  but  the  question  as 
to  the  relation  of  molecular  groupings  and  absorption  spectra  has 
been  by  no  means  clearly  established.  The  field  of  investigation 
covered  has  not  been  complete,  in  fact  only  a  small  portion  of  the 
whole  has  been  worked  over.  Perhaps  with  additional  data,  more 
concise  statements  may  be  made  as  to  the  relationship  of  absorption 
and  molecular  constitution. 

The  ultra-violet  absorption  spectra  of  many  of  the  so-called 
alkaloids  were  studied  by  Hartley  {British  Association  Report, 
1901).  His  work  in  the  ultra-violet  region  was  both  compre- 
hensive and  searching,  and  the  constitution  of  many  compounds 
was  established  by  this  method  where  chemical  methods  have  failed. 
He   not   only   located   the   position   of   the   absorption  bands   but 
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measured  the  absorption  limits  at  decreasing  concentration  until 
complete  transmission  was  obtained.  The  infra-red  absorption 
cannot  be  studied  in  this  manner  owing  to  the  lack  of  diatherma- 
nous  solvents  for  the  alkaloids,  yti  it  possesses  the  advantage  of 
extent,  namely,  from  o.5ju  to  15  ;u.  the  working  limits  of  the  rock- 
salt  prism. 

The  study  of  the  alkaloids  about  to  be  described  was  under- 
taken chiefly  because  the  alkaloids  constitute  a  large  group  of 
organic  substances  showing  alkali  reaction  and  basic  properties 
similar  to  ammonia.  They  contain  carbon,  hydrogen,  and  nitrogen 
and  most  of  them  contain  oxygen.  Those  studies  were,  generally 
speaking,  derivatives  of  pyridine,  pyrrolidine,  quinoline.  and  piper- 
idine  and  contain  the  pyridine  ring.  Behaving  like  ammonia,  they 
combine  directly  with  acids  to  form  salts  without  the  elimination 
of  water  and  hydrogen. 

The  alkaloids  studied  were  divided  into  four  groups  (Richter. 
Organic  C/icmislry.  2).  namely,  the  pjridine.  quinoline.  tropine.  and 
isoquinoline  groups.  They  were  particularly  chosen  owing  to  the 
fact  that  like  the  benzene  derivatives  they  have  much  in  common 
in  their  deportment.  The  number  in  each  group  studied  was 
limited  largely  by  the  fact  that  many  of  them  could  not  be  obtained 
or  put  into  such  a  form  that  transmission  was  not  accompanied 
by  scattering  or  diffusion. 

wnwRATva 
The  investigation  was  carried  on  by  means  of  a  spectrometer 
of  special  design,  constructed  by  the  university  mechanician. 
The  chief  feature  of  the  instrument  was  that  it  did  not  possess  the 
customary  divided  circle.  The  divided  circle  was  replaced  by  a 
carefully  turned  disk  and  rotated  by  an  invar  strap  attached  to 
one  point  of  its  periphery.  One  end  of  the  strap  was  fastened  to 
the  nut  of  a  carefully  ground  screw,  which  when  turned  drew  the 
nut  forward  or  backward,  thus  rotating  the  disk.  The  screw  had 
fastened  to  one  end  a  disk  graduated  in  degrees.  To  the  other 
end  of  the  strap  was  fastened  a  weight  which  served  to  take  up  at 
all  times  the  slack  of  the  invar  straji.  This  combination  was 
constructed  so  that  a  rotation  of  the  gratluatcd  disk  through  an 
angle  of  one  degree  rotated  the  disk  replacing  the  divideil  circle 
through  an  arc  of  l'i\e  seconds. 
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The  rock-salt  prism  and  mirror  were  placed  on  the  disk  replacing 
the  divided  circle  and  adjusted  according  to  the  method  described 
by  Wadsworth  {Philosophical  Magazine,  38,  1904).  The  rock- 
salt  prism  was  one  with  a  60°  angle  and  faces  40X50  mm.  The 
concave  mirrors  were  of  50  cm  focal  length  and  of  5  cm  aperture. 

The  recording  instruments  were  a  thermopile  and  galvanometer. 
The  galvanometer  was  the  four-coil  Thomson  astatic  system  type 
similar  to  one  described  previously  {Physical  Revieiv.  28,  1909) 
except  that,  instead  of  being  shielded  by  the  heavy  soft  iron 
cylinders,  this  one  had  its  coils  imbedded  in  a  soft  iron  core  which 
effectually  performed  the  same  function  as  the  cylinders. 

The  thermopile  used  was  similar  to  one  described  by  the  author 
{Physical  Review,  i,  1910)  but  was  somewhat  better  adapted  to 
precision  work.  Instead  of  being  bound  together  by  ivory  strips, 
it  was  held  together  by  pieces  of  paper  shellacked  to  the  sides  of 
the  thermopile.  This  gave  the  instrument  sufficient  rigidity  and 
decreased  the  thermal  capacity  to  a  large  extent.  The  thermopile- 
galvanometer-spectrometer  combination  was  of  sufficient  sensi- 
bility to  give  a  galvanometer  deflection  of  35  mm  in  the  region  of 
12  fi  with  the  galvanometer-scale  at  a  distance  of  a  meter  from  the 
galvanometer.  The  source  of  light  was  a  Nernst  glower  burning 
at  normal  power  and  the  width  of  the  spectrometer  slit  was  o .  7  mm. 
At  this  sensibility  the  galvanometer-thermopile  combination 
assumed  a  steady  deflection  almost  immediately  and  returned  to 
its  initial  zero  position  almost  immediately. 

The  instrument  was  calibrated  by  means  of  the  known  dis- 
persion constants  of  rock  salt  and  the  angle  of  the  prism.  As 
a  means  of  verification  of  the  calibration,  the  absorption  spectra 
of  films  of  selenite,  mica,  and  coUodion  were  obtained  with  the 
instrument  and  these  spectra  compared  with  the  spectra  of  the 
same  substances  obtained  by  others.  The  two  calibrations  were 
in  as  perfect  accord  as  could  be  determined. 

EXPERIMENTAL 

In  order  to  proceed  with  the  study  of  the  absorption  spectra 
it  was  necessary  to  get  the  substances  in  some  clear  form  before  the 
spectrometer  slit.  This  was  the  chief  source  of  difficulty.  When 
the  substances  were  in  liquid  form,  it  was  an  easy  matter  to  include 
the  liquid  between  two  rock-salt  plates  separated  by  tin  foil.     When 
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the  substances  were  in  the  solid  state  and  possessed  melting-points 
such  that  melting  took  place  without  decomposition,  they  could 
be  melted  between  two  rock-salt  plates,  and  a  thin  film  obtained 
by  this  means.  Many  substances  crystallized  to  such  an  extent 
upon  solidification  that  the  film  scattered  the  light  so  greatly  that 
this  means  of  preparing  the  film  was  prohibited.  Some  substances 
could  be  dissolved  in  ether  and  this  solution  spread  over  the  rock 
salt  a  sufiicient  number  of  times  to  obtain  a  film  of  minute  crystals 
in  which  scattering  was  not  too  great. 

The  rock-salt  plates  were  fastened  to  a  carrier  so  that  the  film 
could  be  drawn  before  the  slit  at  will.  The  absorption  of  the 
rock  salt  was  eliminated  by  drawing  before  the  slit  the  plate 
containing  the  film  and  then  replacing  this  plate  and  its  film  by 
another  plate  or  plates  equivalent  in  thickness  to  the  salt  plate 
containing  the  film.  The  ratio  of  the  two  galvanometer  deflections 
obtained  by  these  operations  gave  the  transmission  of  the  film  under 
consideration  for  a  particular  wave-length. 

Table  I  states  the  groups  of  alkaloids  studied,  the  alkaloids 
studied  under  each  group,  and  the  position  of  the  absorption  bands 
found  for  each.  With  the  pyridine  group  were  studied  the 
non-alkaloidal  substances  pyridine  and  a-picoline.'  These  were 
studied  to  learn  whether  any  relation  existed  between  them  and 
the  alkaloids  of  that  group.  More  particularly  pyridine  was  studied 
because  the  alkaloids  of  this  group  are  derivatives  of  it.  Then 
a-picoline  was  studied  owing  to  its  relation  to  pyridine.  It  is  known 
as  a  homologous  pyridine. 

Under  the  tropine  grouj)  are  included  the  substances  benzoic 
acid  and  cocaine  hydrochloride.  Benzoic  acid  was  studied  because 
cocaine  yields,  when  treated  with  hydrochloric  acid,  ecgonine  and 
benzoic  acid  as  two  of  its  decomposition  products;  the  ]:)oint  being 
that  cocaine  hydrochloride  might  show  bands  characteristic  of  these. 
This  would  undoubtedly  be  true  should  cocaine  hydrochloride 
proceed  so  far  in  its  decomposition  that  these  two  products  were 
present.  It  is  also  to  be  mentioned  here  that  belladonna  is  com- 
posed of  two  closely  related  alkaloids,  hyocine  antl  hyoscyamine, 
both  belonging  to  this  group. 

'These  have  also  been  recorded  by  Coblentz. 
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TABLE  I 
Pyridine  Groitp 

Pyridixe* CjHsN 3.25,  5.22,  6.35,  6.9s,  8.32,  8. So,  9.50,  9.77, 

10.15. 
PiPERiDiXE CsHjoNH 3-45,  6.10,  6.93,  7.60,  7.97,  8.75,  9.10,  9.65, 

10. 70,  10.90,  II .60. 
Coniine CjHuN 3-45,  6.15,  6,40,  7.00,  7.45,  9.05,  9.65,  10.25, 

10.55,  10-85.  ii^o- 

Nicotine C10H14N2 3. 63,  6. 42,  7.05,  7. 62,  8. 45,  9. 18,  9.81,  11. 15. 

Pilocarpine Ci^HisNjO, 31S,  5-75,  6.88,  7.37,  8.20,  8.60,  9.10,  9. So, 

10.  20,  10.  70. 
Piperipe Ci,H„N02 3.42,  6.25,  6.90,  8.03,  S.9S,  g. So,  10.05,  i°5.=i7 

10.80,  II .  25,  II  .65. 
a-Picoline* CjHjN 3  40,  5.25,  6.32,  6.92,  7.85,  S.80,  9.  20,  9.  70, 

10. 10,  10.35. 


Tropine  Group 
Atropine C17H2JNO3 332,  S.82,  6.90,  7.40,  8.35,  8.60,  9.45,  9.72, 

10.20,  10.70,  10.85,  II -33- 

Cocaine C17H21NO4 3-43,  S-^S,  6.90,  7.95,  9.10,  9.  75,  10. 12,  10  72. 

Cocaine  HCl.  .  .  .  Ci6H2iN04(HCl)2  3.  25,  5.90,  6.95,  7.95,  9. 05,  9.95. 

/3-Eucaine C17H2XNO2 3  So,  5.97,  6.42,  6.95,  7.32,  7.95,  9.12,  9.40, 

9. 88,  10.18,  10.65,  1112,  11.20. 
EcgonineHCl.  .   C,H,sN03HCl.  .  .3.60,  5.95,  7.05,  7.75,  8.35,  9.00,  9.70,  11.20. 
Homatropine.  .  .  .  CsHjiNOj 3  40,  5.  75,  6.85,  8.35,  9.12,  9.  70,  10  33,  10. So, 

1 1 .  50. 
Belladonna 3- 10,  6. 00,  7.00,  8.40,  9.57,  9.80,  10.30,  10. 85, 

II-45- 
Benzoic  Acid CjHeOj 3.37,  5.92,  7.03,  7.75,  8.58,  8.94,  9.45,  9.80, 

10.  72. 


QuixoLiNE  Group 
Quinoline* C9H7N 3-  25,  5.  25,  6.35,  6.80,  7.62,  S.  15,  8.90,  g.77, 

lO-SS- 
Quinine CjoHjsNjOj 3- 25,  6.15,  6.82,  7.48,  8. 10,  9.15,  9.72,  10.08, 

10.35,  10.7s,  iioo,  11.3s,  II-70- 
Quinine  Sulphate.  (CjoHjjN^OJj.  .  .3.63,  6.10,  6.88,  7.45,  8.15,  8.88,  9.75,  10.90, 

H2SO4  11.65. 

Brucine* C23Hj«N204 3. 40,  4. 85,  6.03,  6.97,  7.87,  8.32,  9.05,  9  62, 

9.85,  10. 85,  11.30,  11.70. 

Chinconidine Ci,Hi2N20 3 -50,  6.30,  6.88,  7.50,  8.io,  9.15,  9.95,  11. 15. 

Quinidine 3.32,  6.  25,  6.88,  7.57,  8.10,  9.05,  9.80,  10.05, 

II  .07. 

*  Coblentz,  Pub.  Cam.  Ins'.ilution,  No.  35. 
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TABLE  I— Continued 
IsoQUTxoux-E  Group 

Codeine CsHj.NOj 3.45,  6.35,  6.95,  7.33,  8.00,  9.10,  9.65,  10.37, 

10.6s,  IO-95.  II-45- 

Narcotine C^H^jNO, 3.50,  5,77,  6.25,  6.88,  7.32,  7.95,  8. 32,  9.32, 

9-75.  i°-35i  IO-77.  11.22. 

Unclassified 

Aconite C,3H4sN0.2 3.25,  5.80,  7.25,  7.87,  8.35,  91S,  lo.iS,  11,03, 

11.30. 
Eserine CijHjNjOi 3  10,  3.85,  6.53,  8.00,  8.33,  8.92,  9.80,  90.50, 

II-45- 


TABLE  II 
6  7 
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Fig.  2. — Piperdine 
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Fig.  4. — Nicotine 
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Fig.   7. — a-I'icoline 


0  10  II  12 M 


I'lG.  8.— Alnii 


INFILi-RED  ABSORPTION  SPECTRA 


253 


34567 
P"iG.  9. — Cocaine 


r 

\ 

f\ 

^ 

/ 

'^\ 

J 

\ 

A 

1 

1 

v 

^ 

1/ 

y 

I 

^\ 

1/ 

\ 

A 

N 

\ 

/ 

r 

^ 

/ 

10  1 1  M 


- 

\ 

^^ 

^ 

/ 

/ 

A 

V 

1 

'\ 

f\ 

A 

V 

\ 

A 

A 

A 

/I 

/ 

A 

/ 

\ 

/  ^ 

\ 

\ 

345678 

Fig.  10. — -Cocaine  hydrochloride 
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Fig.  1 1 . — Beta  eucaine 
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Tic.  I  2. — Kcgonine  hydrochloride 
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Fig.  i_^. — Homatropinc 
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Fig.  14. — Belladonna 
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Fig.  15, — Benzoic  acid 
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I'"iG.  16. — Quinoline 
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Fig.  17. — Quinine 


Fig.  18. — Quinine  sulphate 
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Fig.  21. — Quinidine 
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Fig.  23. — Xarcotine 
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Under  the  quinoline  group  was  studied  quinine  sulphate  to 
learn  what  relation  might  exist,  if  any,  between  the  alkaloid  and 
its  salt.  Quinine  and  its  salts,  which  are  numerous,  would  have 
formed  an  interesting  group  to  study,  but  unfortunately  most  of 
the  salts  are  of  such  a  nature  that  it  was  impossible  to  put  them 
in  any  transparent  form  before  the  slit  of  the  spectrometer. 

Of  the  isoquinoline  group  only  two  alkaloids  were  studied, 
namely  codeine  and  narcotine.  In  general,  the  melting-points  of 
this  group  are  too  high  for  them  to  melt  without  decomposition. 
A  number  of  well  known  alkaloids  such  as  caffeine  and  theine  con- 
stitute this  group. 

Two  alkaloids,  aconitine  and  eserine  of  rather  hazy  grouping 
were  studied.  Little  is  known,  comparatively  speaking,  of  the 
chemistry  of  either  of  these  alkaloids. 

RESULTS 

A  reference  to  the  accompanying  curves  will  show  the  various 
absorption  curves  for  the  alkaloids  studied.     Table  II  was  arranged 
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for  the  convenience  of  comparing  the  absorption  spectra.  It 
states  the  group,  alkaloid,  and  the  location  of  the  absorption 
bands.  A  casual  glance  shows  one  that  there  are  no  identical 
spectra.  Many  of  them  are  similar  in  appearance  and  a  great 
many  have  bands  in  common.  In  comparing  these  spectra  with 
spectra  of  other  compounds  obtained  by  other  investigators,  for 
example  the  work  of  Coblentz  (loc.  cit.).  which  contains  over  one 
hundred  and  lift}'  absorption  spectra,  one  finds  nothing  identical 
in  the  way  of  spectra. 

In  general  the  spectra  of  the  alkaloids  show  a  large  band  between 
the  limits  3 .  lo  m  and  3 .  60  ju.  In  the  large  majority  of  cases  this 
band  lies  between  the  limits  3.25 /i  and  3.50JU.  In  very  few 
instances  a  band  lies  at  the  wave-length  3 .  43  ju  which  Coblentz 
attributes  to  the  CH2  or  the  CHj  groups  which  in  all  of  these 
alkaloids  are  quite  prominent.  The  band  at  3.43  m  attributed  to 
the  foregoing  groupings  might  easily  have  been  masked  by  the 
presence  of  groups  which  influence  the  absorption  in  that  region. 

All  of  the  spectra  show  a  band  between  the  limits  6.8o;u  and 
7.05/1.  The  absorption  in  this  region  is  in  all  probability  due  to 
the  CH2  or  the  CH^  groups  as  shown  by  Coblentz.  who  places  the 
band  at  6.86 /i.  One  finds  again  a  characteristic  absorption  in 
the  region  of  9.75  ix.  the  limits  being  9.65  ju  and  9.85  m-  A  band  in 
this  position  is  attributed  to  the  CiHf,  group,  but  it  is  diflicult  to 
see  how  this  band  may  be  attributed  to  the  CbHe  grouji  when  this 
group  is  not  shown  chemically  to  be  present. 

Studying  the  groups  separately  one  finds  that  they  possess 
somewhat  more  individuality,  yet  nothing  very  striking  is  to  be 
observed.  The  pyridine  group  possesses  a  large  band  in  the  region 
limited  by  the  wave-lengths  3.15/i  and  3.6o;u.  Another  region 
lies  between  the  limits  6. 10 pi  and  6.40 m  with  pilocarpine  as  the 
exception.  Again  one  finds  a  region  having  the  wider  limits 
6.85  M  and  7.05  M  and  also  a  narrower  region  of  limits  9.65/1  and 

9-85M- 

The  atropine  group  possesses  a  band  in  the  region  comprising 
the  wave-lengths  3.10^  and  3.80/i,  a  narrower  region  comprised 
between  the  wave-lengths  5.75M  and  6.io/i,  Two  more  regions 
having  the  limits  6. 85  ;u  and  7. 05 /i  and  9.  70juant!  0. 90 /u  are  present. 
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Homatropine  appears  to  behave  anomalously.  Benzoic  acid 
studied  in  connection  with  this  group  possesses  the  bands  which 
are  characteristic  of  this  group,  namely,  the  bands  at  5.90/^,  7.05;^, 
and  9 .  80  ju.  Benzoic  acid  is  a  derivative  of  benzene  but  shows 
only  the  band  at  9.80^1  attributed  to  benzene. 

The  quinoiine  group  possesses  a  number  of  regions  where  absorp- 
tion is  common.  These  regions  have  the  following  values:  3.25/i 
to  3 .  50  )u,  6 .  00  ju  to  6 .  35  ju,  6 .  80  ;u  to  6 .  95  ju,  7 .  45  m  to  7 .  65  /li,  8 .  10  )u 
to  8. 15 /x.  8.90  M  to  9.15  iu,  and  finally  9.75 /i  to  9.95 /n.  Brucine 
forms  an  exception  to  the  above  statement  in  two  instances. 
Quinine  sulphate  has  only  three  bands  in  common  with  quinine 
from  which  it  is  derived. 

Of  the  isoquinoline  group  little  may  be  said,  for  not  many 
members  of  the  group  have  been  studied.  Of  the  two  unclassified 
alkaloids  it  is  unsafe  to  make  predictions  as  to  grouping.  They 
may  be  members  of  groups  not  studied. 

In  a  few  instances  water  of  crystallization  was  present,  but 
in  no  instance  was  the  band  attributed  to  water  of  crystallization 
at  3  n  present.  Undoubtedly  the  presence  of  the  band  was  masked 
by  the  presence  of  other  free  periods  whose  frequencies  were  not  far 
removed  from  that  at  3  m- 

On  the  whole,  little  information  can  be  obtained  from  the  groups 
studied  concerning  the  relation  of  infra-red  absorption  to  molecular 
grouping.  Our  knowledge  of  the  mechanism  of  absorption  is  very 
meager  and  it  may  be  that  we  are  working  in  the  dark  with  reference 
to  the  relation  of  absorption  to  molecular  grouping.  However, 
until  the  problem  is  put  upon  a  more  firm  theoretical  basis,  our 
only  resource  is  the  statistical  method  which  ultimately  will  aid 
the  solution  of  the  problem  of  absorption. 

University  of  North  Dakot.\ 
October  1913 


Minor  Contributions  and  Notes 


SPECTROSCOPIC  BINARIES  UNDER  INVESTIGATION 
AT  DIFFERENT  INSTITUTIONS 
The  following  letter  was  recently  sent  out  to  the  principal  insti- 
tutions at  which  spectrographic  observations  are  now  being  made. 

Yerkes  Observatory 

WiLLL\MS  Bay,  Wisconsin 
Dear  Sir:  September  2,  1913 

It  seems  desirable  to  collect  and  print  in  the  Aslrophysical  Journal  state- 
ments from  the  different  observatories  as  to  spectrographic  binaries  which  are 
under  special  observation  at  the  several  institutions  with  a  view  to  a  deter- 
mination of  the  orbits.  This  was  done  in  1908  (Vol.  27,  p.  161)  and  presum- 
ably prevented  unnecessary  duplication  of  effort  both  in  securing  spectrograms 
and  in  measuring  them.  It  also  serves  a  purpose  in  indicating  the  present  state 
of  research  in  this  direction.  Will  you  therefore  be  kind  enough  to  communi- 
cate to  me  at  your  earliest  convenience  such  a  statement,  in  form  for  publica- 
tion, regarding  the  work  at  the observatorj'  ? 

Very  truly  yours, 

Edwin  B.  Frost 

The  replies  that  have  been  received  follow,  translated  when 
not  in  English,  and  in  some  cases  somewhat  abridged.  Some  of 
the  letters  contain  information  not  strictly  pertaining  to  spectro- 
scopic binaries,  but  of  interest  to  those  engaged  in  spectrographic 

work. 

alleghe^fy  observatory  of  the 

University  of  Pittsburgh 

September  8,  1913 
Here  is  the  list  of  spectroscopic  binaries  that  we  are  at  present  observing, 
with  the  appro.ximate  Right  Ascensions: 


/ 

Pcrsci 

I  He" 

59 

d  Scrpcniis 

igi-JZ' 

RZ 

Cassiopeiae 

2  40 

43 

(p  Draconis 

18  22 

•i.D. 

-'°943 

5  29 

II 

i'  Lyrac 

18  so 

19 

Lyncis 

7  16 

I 

Viitpeciilae 

ig  12 

18 

Ursae  Majoris 

9  10 

44 

<r  Aquitae 

19  35 

5S 

Ursae  Majoris 

II  14 

Boss  S070 

1947 

95 

Leonis 

I'  S> 

Boss  SI  13 

19  54 

12 

Comae 

12  17 

30 

Cephci 

22  36 

7 

i  Scorpii 

'S  55 

12 

Lacerlac 

22  38 

10 

\  Ophiuchi 

16  26 

16 

Lacerlac 

22  52 

loS 

Ilerciilis 

18  18 

264 
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In  addition,  we  have  finished  observing  the  following  stars,  but  the  results 
have  not  yet  been  published : 


4 

g  Persei 

^''ii- 

14 

I   Coronae 

IS''57' 

26 

/3  Persei 

3  01 

U  Ophiuchi 

17  12 

45 

e  Persei 

3  SI 

III 

Hercidis 

1843 

35 

X  Taiiri 

3  55 

iS 

Aquilae 

19  02 

15 

S  Monoccrotis 

636 

30 

S  Aquilae 

19  20 

R  Canis  Majoris 

7  IS 

26 

9  Pegasi 

22  OS 

B.D. 

+3°2867 

14  07 

6 

Lacerlae 

22  26 

B.D. 

+6'-2S7s 

14  19 

I 

0  Aiidromedae 

22  57 

25 

Serpenlis 

15  41 

We  have  abandoned  43  6'  Orionis  (5''30"')  at  the  request  of  the  Ottawa 
observers;  and  we  have  also  abandoned  41  6^  Orionis  (s''30™)  on  account  of 
the  character  of  the  lines  in  its  spectrum. 

f.  schlesinger 

Detroit  Observatory 

University  of  Michigan 

Ann  Arbor,  September  13,  1913 
The  foOowing  list  includes  those  announced  binary  stars  on  which  the 
spectroscopic  work  at  the  Detroit  Observatory  has  progressed  far  enough  to 
justify  an  announcement.  The  order  in  which  these  stars  are  arranged  in  the 
list  will  give  some  indication  of  the  degree  of  advancement  of  the  work.  Those 
named  first  have  received  the  most  attention. 
14 


7  Lyme 

iS^ss" 

So 

g  Ursae  Majoris 

I3'>2I' 

f  Ursae  Majoris 

13  20 

20 

Tatiri 

3  40 

f  Ursae  Majoris 

13  20 

47 

P  Leon  is 

10  27 

^  Cephei 

21    27 

50 

0  Cygni 

2038 

/3  Lyrae 

18  46 

55 

0  Ophiuchi 

R.  H. 

17  30 

Curtiss 

Dominion  Astronomical  Observatory 
Ottawa,  Canada 

September  17,  1913 
In  reply  to  your  circular  letter  of  the  2d  inst.,  I  would  say  that  the  present 
condition  of  the  orbital  determination  of  spectroscopic  binaries  is  not  very 
satisfactory'. 

The  process  of  selection  of  binaries  for  investigation  was  to  choose  first 
of  all  those  with  a  high  range  of  velocity  and  with  good  or  moderately  good 
spectra.  Consequently  the  binaries  now  available  for  investigation  consist 
practically  wholly  of  stars  with  poor  spectra  or  with  a  low  range  of  velocity 
or  with  both  of  these  drawbacks.  I  am  convinced  that  all  workers  in  this  line 
of  research,  especially  those  like  ourselves  with  small  aperture,  have  felt  that 
the  binaries  which  offer  any  prospect  of  yielding  satisfactory  orbits  are  very 
few  indeed. 
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We  at  Ottawa  have  made  a  large  number  of  spectra  of  several  binaries,  in 
one  or  two  cases  more  than  a  hundred  plates  of  a  star,  without  being  able  to 
obtain  a  period,  and  it  is  very  likely  that  several  stars  on  our  present  list  will 
prove  equally  unsatisfactory. 

For  convenience  the  binaries  under  investigation  at  Ottawa  are  tabulated 
into  different  groups. 

SPECTROSCOPIC  BINARIES  WITH  LARGE  NUMBER  OF  PL.^TES 
OBTAINED 

57         M  Pcrsei  4''o8"  47         p  Lconis  io''27"' 

66         "  Taitri  4  18  ■/         V  Coni  12  11 


S6        p  Taitri 

428 

•?i 

Comae 

12  30 

20        T  Ononis 

S  '3 

B.A.C. 

SSgo 

17  19 

ij6            Tauri 

5  47 

17 

I  Aiidromedae 

2333 

iS         "  Ocminorum 

6  -'3 

SPECTROSCOPIC  BINARIES  RECENTLY  ADDED,  ONLY  EEW  PLATES 

OBTAINED 

IS         K  Cassiopeiae 

o''27™ 

107 

)i  Virgiiiis 

I4''3S" 

j^         f  Aiidromedae 

0  42 

'3 

S  Scrpeiilis 

IS  30 

S        5  Triaiiguli 

2    H 

67 

Ophituhi 

17  56 

J13        0  Piscium 

I  57 

6S 

Ophiuclii 

17  57 

S3        <P  Geminorum 

7  47 

41 

I   Aqnilae 

19  32 

6s         a  Cancri 

853 

12 

Laccrtae. 

2237 

SPECTROSCOPIC  BINARIES  PROPOSED 

FOR  INVESITG 

.VITON 

4j        f  Cassiopeiae 

i''48°' 

50 

0  Cygni 

2o''38' 

ZS         X  Aiirigae 

526 

30 

Cepliei 

22  36 

B.D.        -i''943 

S  28 

SPECTROSCOPIC  BINARIES.  WORK  DISCONTINUED,  INABILITY  TO 
OBTAIN  PERIOD 

5$         "  Cygni  2o''53" 

4S        y  Aqiiarii  22  16 


77 

c  Lconis 

ii''i()' 

72 

Ophiiidii 

1803 

'7 

f  Aqnilae 

19  01 

The  measures  of  the  stars  in  the  last  list  will  be  published  in  due  course, 
enabling  an  approximation  to  the  velocity  of  the  system  to  be  obtained,  and 
giving  opportunity  to  others  to  attempt  a  determination  of  the  orbit. 

J.    S.    Pl.-ASKETT 

Harvard  Collkge  Obsernatorv 

Cambridge,  M.\ss.,  September  5,  1913 
Your  letter  of  September  2,  addressed  to  Professor  Pickering,  who  is  still 
in  Europe,  is  received.     1   liiiiik  ihc  siaiemcin  made  in  1907  by  Professor 
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Pickering,'  as  given  in  the  Aslrophysical  Journal,  27,  162,  still  holds  true, 
but  I  will  call  his  attention  to  your  letter  on  his  return,  the  latter  part  of  this 
month.  S.  I.  Bailey 

KONIGLICHE    StERXWARTE 

BoNX,  September  26,  1913 
In  reply  to  your  inquiry  of  September  2,  I  would  state  that  at  present  no 
spectroscopic  binaries  are  under  special  observation  with  a  view  to  the  deter- 
mination of  their  orbits.  But  in  the  general  series  of  obser\'ations  of  stars  of 
type  F  to  M  there  are  doubtless  contained  isolated  observations  of  a  large 
number  of  spectroscopic  binaries.  I  give  these  stars,  with  the  number  of 
plates  obtained.  These  spectrograms  are  measured  and  reduced,  and  results 
will  be  gladly  placed  at  the  disposal  of  those  interested. 


31 

S  Aiidromedae 

(3) 

o''34" 

A  Boiilis 

(3 

I4''I4' 

34 

i  Aiidromedae 

(3) 

0  42 

3 

/3  Coroiiae 

(5) 

15  24 

3S 

V  Aiidromedae 

(3) 

0  52 

'3 

9  Dracoiiis 

(3J 

16  00 

43 

P  Aiidromedae 

(4) 

I  04 

44 

V  Herculis 

(3J 

16  39 

S5 

<t>  Piscium 

(3) 

I  08 

22 

e   Ursae  Miiioris 

(8; 

16  56 

65 

V  Cell 

(2) 

2  08 

47 

0  Draconis 

(2 

18  50 

S 

S  Trianguli 

(3) 

2  II 

113 

Herculis 

(4] 

18  51 

12 

Persei 

(3) 

236 

6  Hev.  P  Sculi 

{2] 

18  42 

iS 

T  Persei 

(4) 

2  47 

60 

T  Draconis 

(3] 

19  17 

I 

0  Tauri 

(3) 

3  19 

12 

<t>  Cygiii 

(5] 

193s 

51 

fj.  Persei 

(3) 

408 

7 

S  Sagittae 

(3) 

1943 

47 

Tauri 

(3) 

408 

55 

r)  Aquilae 

(2) 

1947 

8S 

d  Tauri 

(7) 

430 

63 

f  Draconis 

(3J 

19  49 

8 

f  Aiirigae 

(3) 

4  55 

32 

Cygiii 

(4] 

20  12 

16 

A  iirigae 

(5) 

5  12 

7' 

I  Aquilae 

(3 

2032 

5S 

0  Orionis 

(3) 

5  50 

6 

/3  Delphini 

(3) 

2033 

I 

Gcmiiwrum 

(3) 

SS8 

62 

1  Cygni 

(4) 

21  01 

7 

V  Gemiiioruin 

(4) 

6  09 

10 

K  Pegasi 

(4 

21  40 

43 

f  Gemiiioriim 

{2) 

658 

21 

i  Cephei 

(2 

22  07 

4 

y  Caitis  Miiioris 

(3) 

7  2i 

24 

Cephei 

(3 

22  08 

75 

<r  Gemiiwrum 

(4) 

7  37 

+3^4711 

(3 

22  10 

II 

f   Hydrae 

(4) 

8  41 

27 

S  Cephei 

(3 

22  25 

33 

i  Vrsae  Majoris 

(s) 

II  13 

33 

T  Cephei 

(4. 

23  05 

3 

Galium  V enalicorum  (3) 

12  19 

70 

q  Pegasi 

(3 

23  24 

12 

d  Bootis 

(3) 

14  06 

F. 

Ku 

STNER 

'  "The  only  spectroscopic  binaries  likely  to  be  investigated  at  the  Harvard 
College  Observatory  are  those  of  Class  A,  in  which  both  components  are  bright. 
They  have  been  photographed  here  for  many  years,  and  the  plates  obtained  will 
permit  a  very  precise  determination  of  their  periods.  No  investigations  of  spectro- 
scopic binaries  of  Class  B,  in  which  only  one  component  is  bright,  are  contemplated 
here  at  present. — Edward  C.  Pickering." 

Under  date  February  g,  1914,  Professor  Pickering  writes:  "Professor  Bailej-'s 
letter  represents  my  present  views." 


268  MINOR  CONTRIBUTIONS  AND  NOTES 

Kgl.  Astrophysikalisches  Observatorium 

Potsdam,  October  21,  1913 

At  the  request  of  Director  Schwarzschild,  I  advise  you  as  follows  regarding 
the  spectroscopic  binaries  under  observation  at  Potsdam. 

Of  the  observations  obtained  with  Spectrograph  IV  attached  to  the 
32.5  cm  refractor,  there  are  yet  unpubHshed  those  of  ;•  t  Aurigae  (about  180 
plates),  so  a  Cygni  (about  180  plates),  and  24  y  Gemiiiorum  (about  70  plates). 
The  radial  velocity  of  7  e  Aurigae  cannot  be  represented  by  a  simple  elliptical 
orbital  motion  and  it  seems  highly  probable  that  the  same  is  true  of  jo  a  Cygni 
and  of  24  yGcminorum.     I  shall  continue  the  obser\'ations  of  these  three  stars. 

With  Spectrograph  III,  attached  to  the  80  cm  refractor,  certain  spectro- 
scopic binaries,  among  other  objects,  have  been  observed  by  Dr.  Miinch  and 
myself  in  the  course  of  the  past  year  in  order  to  test  the  eificiency  of  the  spec- 
trograph in  its  new  form  (with  short  camera).  The  stars  are  63  Tauri,  108 
Herculis,  and  ///  Hercidis.  A  preliminary  orbit  of  6j  Tauri  has  been  completed 
by  Dr.  Jantsen,  and  sufficient  material  is  available  for  a  similar  orbit  of  108 
Herculis,  upon  which  I  am  now  at  work.  Plates  of  ///  Herculis  have  not  yet 
been  measured. 

Observations  with  the  80  cm  refractor  are  at  present  interrupted,  as  the 
figure  of  the  objective  is  receiving  correction  by  Steinheil.  The  spectrograph 
is  meanwhile  being  reconstructed.  .\  new  program  cannot  be  laid  out  unlQ 
these  two  operations  are  completed.  H.  Ltjdentjorff 

Lick  Observatory 

Mount  Hamilton,  Californu 
September  26,  1913 
The  following  is  the  list  of  spectroscopic  binaries  upon  which  members  of 
our  staff  are  now  working: 


U  Ophiuclii 

I-hijm 

It  Centauri 

I3>'48' 

X  Cygni 

20  40 

10 

K  Pegasi 

21  40 

46 

V  Sagitlarii 

19    16 

12 

Persei 

236 

4' 

^4  Eridani 

4  14 

10 

0  Canis  Minoris 

7  34 

U   Vdortim 

8  S3 

I 

0  Ursae  Minoris 

I  23 

W.  W.  Campbell 

Mount  Wilson  Solar  Observatory 

September  26,  1913 
At  present  we  are  planning  no  work  at  Mount  Wilson  on  the  determination 
of  the  orbits  of  spectroscopic  binaries.  Our  observational  program  consists 
almost  wholly  of  stars  fainter  than  the  sixth  magnitude,  and  comparatively 
few  spectroscopic  binaries  as  faint  as  this  are  known.  It  is  possible  that  we 
may  make  a  few  observations  of  some  of  the  fainter  Algol  variables,  such  as 
R\V  Tauri,  but  apart  from  this  we  have  no  plans  in  view  for  work  of  this 
character.  W.  S.  Adams 
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Paris,  September  28,  1913 
The  sky  at  Paris  is  continually  disturbed  in  summer,  as  well  as  in  winter, 
and  does  not  permit  us  to  undertake  researches  requiring  continuity  in  the 
observations.  Evenings  without  clouds  are  very  few,  and  still  more  rare  are 
those  in  which  the  images  are  good.  It  is  for  this  reason  that  I  have  eUminated 
spectroscopic  binaries  from  our  program.  I  am  observing  the  list  of  bright 
stars  given  in  the  Amitiaire  du  Bureau  des  Longitudes,  with  the  exception  of 
those  which  are  given  as  double  in  Campbell's  Catalogue  which  appeared  in 
iQii.  Accordingly,  the  letter  which  you  recently  wrote  me  does  not  bear  on 
the  observations  at  Paris.  jyj    Hamy 

PULKOWA 

October  3,  1913 
On  account  of  climatic  conditions,  and  particularly  on  account  of  the 
unfavorable  arrangement  of  our  dome,  I  am  not  in  a  position  to  observe  objects 
according  to  my  own  choice.  My  program  is  to  observe  everything  which  is 
accessible  with  the  weather  we  have.  If  I  am  able  to  repeat  an  observation 
after  a  few  days,  I  obtain  material  for  discussion;  otherwise,  the  observations 
are  lost  and  I  have  to  begin  over  again.  Therefore  if  I  were  to  refrain  from 
observing  an  object  which  is  under  observation  elsewhere,  I  should  practicaOy 
have  to  cease  observations  entirely. 

I  have  selected  a  number  of  stars  not  fainter  than  3.  5  mag.,  from  Camp- 
bell's Catalogue,  as  well  as  some  which  have  special  interest  for  me. 


21       a  Andromcdae 

o''03" 

77 

€  L'rsae  }fajoris 

■  I2''50" 

jj       a  Persei 

3  17 

^7 

y  BoiJlis 

14  28 

7        e  Aiirigae 

4  55 

36 

(  Bootis 

14  41 

34       /3  Atirigae 

5  52 

40 

f  Herculis 

1638 

4j       f  Gemiiioriim 

6  58 

14 

y  Lyrae 

1855 

66     0"  Gemiiionim 

7  28 

55 

V  A  qui  la  e 

19  47 

41     y  Leoiiis 

10  14 

50 

a  Cygni 

20  38 

41      Y  Leonis 

10  14 

53 

f  Cygni 

20  42 

2g     7'  Virgiiiis 

1237 

53 

P  Pegasi 

22  59 

2Q      y  Virgiiiis 

1237 

Saturn 

12       a.  Canum  Veiiaticorioit 

12    51 

Venus 

and  the  standard  velocity 

Stars. 

Also,  for  instrumental 

purposes: 

J     a  Lyrac 

i8''34" 

and  stars  for  a  scale  of 

spectral  type: 

4       |3  Triangidi 

2'>04'" 

5S 

a  Orionis 

5''5°'' 

44       f  Pcr^ci 

348 

10 

a  Canis  Minoris 

7  34 

Sy       a  Tatiri 

430 

7S 

P  Geminorum 

7  39 

24      y  Orionis 

S  20 

16 

a  Bootis 

14  II 

46        e  Orionis 

s  31 

64 

a'  Herculis 

17  10 

A.  Belopolsky 
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Royal  Observatory 
Cape  of  Good  Hope 

October  3,  1913 
In  reply  to  your  inquiry  dated  September  2,  we  have  no  observations 
specially  made  here  for  the  purpose  of  investigating  spectroscopic  binaries,  but 
I  inclose  for  your  information  a  list  of  stars  included  in  our  current  working- 
list  of  which  one  or  more  spectrograms  have  been  obtained. 

S.  S.  Hough 
CAPE   OF   C;OOD   H0P1-; 


f  Phoenicis 

II.P.  S 

'31  Eridani 

I  Puppis 

s 

1  Ceti 

a  Cai-li 

e  Puppis 

f  Toucan i 

3 

t3  Orionis 

f  Volantis 

ti  Hydri 

7  Caeli  (du.) 

i  Puppis  (var.  ?) 

a  Phoenicis 

2 

€  Leporis 

a  Puppis 

^'  Toucani 

19 

P  Orionis 

j  Puppis 

3' 

S  Andromedae 

9 

§  Leporis 

p  Puppis 

16 

jS  Celi 

(  Columbae 

h'  Puppis 

63 

S  Piscium 

11 

a  Leporis 

'7 

P  Cancri 

j3  Phoenicis 

40 

0'  Orionis 

f  Carinae 

31 

V  Ceti 

/3  Doradus 

6  Chamael. 

45 

e  Celi 

'3 

y  Leporis 

/S  Volantis 

y  Phoenicis 

J3 

S  Leporis 

e  Velorum 

99 

V  Piscium 

fi  Columbae 

P  Pyxidis 

5  Phoenicis 

y  Pictoris 

d  Velorum 

52 

T  Celi 

5^' 

a  Orionis 

11 

<  Ilydrae 

X  Eridani 

j6 

V  Leporis 

y  Pyxidis 

7S 

V  Celi 

S.U.P. 

I3ig  Doradus 

16 

f  Ilydrae 

13 

a  Ariel  is 

J?  Columbae 

w  Velorum 

6S 

0  Ceti 

7 

n  Gcminorum 

c  Velorum 

I   Eridani 

K  Columbae 

X  Velorum 

S7 

M  Celi 

'3 

M  Geminorum 

S  Carinae 

jS  Fornacis 

S  Columbae 

G  Carinae 

3 

V  Eridani 

a  Carinac 

•  Carinae 

92 

a  Celi 

24 

y  Geminorum 

30 

a  Ilydrae 

0  Fornacis 

27 

f  Geminorum 

^  Velorum 

16 

T'  Eridani 

9 

0  Canis  Majoris 

.V  Velorum 

<•  Eridani 

0  Pictoris 

M  Velorum 

I 

0  Tauri 

T  Puppis  (var.) 

35 

1  Ilydrae 

iS 

(  Eridani 

.1  Carinae  (var.) 

14 

0  Lconis  (var.) 

V  Eridani 

16 

0'  Canis  Majoris 

'7 

<  Leoiiis 

27 

t'  Eridani 

2t 

f  Canis  Majoris 

V  Carinae  (du.) 

fi  Reliculi 

a  Canis  Majoris 

24 

fi  Lconis 

J  Eridani 

43 

f  Geminorum  (var.) 

m  Velorum 

y  Hydri 

25 

i  Canis  Majoris 

41 

X  Ilydrae 

34 

y  F^ridani 

y  Volantis 

q  Carinae 

5  Reliculi 

J  Puppis 

4' 

y  Leonis  (du.) 
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CAPE  OF   GOOD   YiOVY—Continued 


77 
S7 

H.P.  8 

12 

7S 

S.Il.P. 
5 
9 


H.P.  2. 
46 


a-  Horlogil 
a.  Reliadi 
7  Doradus 
S  Tauri 
d  Eridani 
6'  Tauri 

V  Eridani 
a  Tauri 

V  Erida)ii 
12  Eridani 

S  Crateris 
I  Leonis 
t  Uydrae 
X  Muscae 
3966  Ccntnuri 
P  Virgiiiis 
0  Virginis 

V  Crucis 
a  Corvi 

p  Vclorum 

f  Corvi 

f  Miiscae 

€  Crucis 
7  Crucis 

V  Corvi 
p  Corvi 

7  Virginis  (du.) 
e  Ccutauri 
S  Virginis 
S  Muscae 
f  Virginis 
2J2  Com.  Bcr. 

7  Ilydrac 
m  Centaur i 
d  Centauri 

i  Centauri 

g  Centauri 

V  Bootis 

■n  Bootis  (var.) 

V  Centauri 
IT  Hydrae 
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CAPE  OF  GOOD  HOT?E—Conlinued 


a'  Centattri 

y  Sagittarii 

a  Piscis  A  iistralis 

a  Circini  (du.) 

70 

Ophitichi  (Bi) 

i  Gruis 

a  Apodis 

■n  Sagittarii  (du.) 

c-  Aqiiarii 

c'  Centaurl 

19 

S  Sagittarii 

6 

y  Piscium 

e  Bootis 

ss 

V  Serpeiitis  (var.  ?) 

7  Sculptoris 

t  Scorpii] 
a  Librae  J 

f  Telescopii 

6'  A  guar  a 

22 

X  Sagittarii 

28 

<i>  Piscium 

i"  Lupi 

f  Pavonis 

I  Gruis  (var.) 

<t>'  Lupi 

37 

1'  Sagittarii 

UxivTRSiiY  Observatory 

Vienna,  October  3,  1913 

At  the  conclusion  of  the  year  1912  a  single-prism  spectrograph  was  mounted 
in  connection  with  the  Rothschild  coude  telescope  of  the  \'ienna  Obser\atorj\ 
The  spectrograph  hangs  on  a  track  freely  in  the  observing  room  and  is  not 
connected  with  the  telescope,  even  during  obser\-ations.  On  account  of  its 
constant  position  the  instrument  may  be  designated  as  perfectly  free  from 
flexure.  The  focal  length  of  the  collimator  is  1007  mm,  and  the  two  cameras 
have  focal  lengths  of  respectively  300  mm  and  580  mm.  The  instrument  has 
been  in  use  since  February  1913,  when  the  adjustments  were  completed.  The 
observing  program  for  it  includes  the  stars,  about  200  in  number,  to  the  6th 
magnitude,  which  are  contained  in  the  zone  from  the  north  pole  to  +60°  Dec, 
and  of  which  the  radial  velocities  have  not  been  published  in  the  Bulletins  of 
the  Lick  Observatorj-,  Xos.  195,  211,  212.  214,  and  229.  I  e.\pect  also  to 
undertake  the  determination  of  the  orbits  of  spectroscopic  binaries  which  may 
be  discovered  in  this  zone. 

Adolf  Hnatek 


Yerkes  Observ.\tory 

Williams  Bay,  Wis. 

February  4,  1914 

The  following  spectroscopic  binaries,  all  of  which  were  originally  or 
independently  detected  here,  are  under  observation  or  measurement  with  a 
view  to  the  determination  of  the  orbit,  when  and  if  the  materials  shall  be 
adequate  for  the  purpose.  The  accumulation  of  spectrograms  of  a  particular 
star  is  slow,  as  on  the  average  not  more  than  about  60  to  70  full  nights  are 
obtained  in  the  year  with  the  spectrograph,  owing  to  the  pressure  of  other  work 
with  the  40-inch  equatorial  and  to  weather  conditions.  The  spectrograms  of 
several  of  the  stars  have  been  measured  and  will  be  discussed  by  men  recently 
members  of  our  staff  but  not  now  connected  with  this  observatorj-,  especially 
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by  Professor  S.  A.  Mitchell, 
the  University  of  Virginia. 


now  director  of  the  McCormick  Observatory  of 
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22 
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21  II 
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21  27 

51 
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13  05 
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Andromcdae 

23  08 

79 

f  seq.  Vrsae  Majoris 

13  2° 

'7 

I  Andromcdae 

23  33 

Edwin  B.  Frost 


Reviews 

Die  Spektren  der  Elemente  bei  normalen  Druck.     Von  Fr.\nz  Exner 
und   Eduard   Haschek.     Leipzig:    Franz    Deuticke,   Bd.   I, 
191 1.  "Hauptlinien   der  Elemente  und   Codex  der  Starken 
Linien  im  Bogen  und  Funken."  pp.  216,  M.  18;   Bd.  II.  1911, 
"Die  Bogenspektren,"  pp.  347,  M.  28;    Bd.  III.  1912,  "Die 
Funkenspektren,"  pp.  332,  M.  28. 
Spectroscopists  who  used  the  earlier  edition  of  E.xner  and  Haschek"s 
tables,  now  ten  years  old,  frequently  realized  how  very  unsatisfactory 
it  was  to  have  these  tables  stop  at  X  4600.     Such  investigators  will 
be  glad  to  welcome  the  present  edition,  appearing  in  three  volumes, 
which  carries  measures  well  into  the  red,  to  X  7500,  which  is  made  pos- 
sible by  using  plates  made  sensitive  to  the  red  by  bathing  with  pina- 
cyanol.     In  order  to  have  their  results  quite  accordant,  the  authors 
repeated  their  measures  for  the  earlier  edition  from  about  A.  4300.     In 
the  last  ten  years  there  ha\'e  been  new  subdivisions  of  the  elements 
especially  in  the  rare  earths.     Ytterbium  has  disappeared  as  an  element 
and  instead  we  find  neoytterbium  and  lutecium.     Holmium  has  likewise 
disappeared  as  an  element,  but  terbium,  dysprosium,  and  neoholmium 
have  been  added. 

Measures  were  made  on  the  spectra  of  both  arc  and  spark  at  atmos- 
pheric pressure  from  the  ultra-violet  to  the  deep  red,  and  in  their  tables 
61,580  lines  in  the  arc  spectrum  are  enumerated,  and  in  the  spark 
60,252  lines.  Photographs  were  taken  by  means  of  a  Rowland  4-inch 
grating  of  15  feet  radius  and  20,000  lines  per  inch.  Exposures  were 
made  always  in  the  first  order  on  ])lates  4X30  cm,  and  each  spectrum  was 
photograjjhed  in  ten  sections.  The  camera  was  so  arranged  that  on  each 
plate  three  exposures  were  made,  the  arc  spectrum,  the  spark  spectrum, 
and  the  comparison  spectrum  of  iron.  The  latter  was  placed  between 
the  other  two  and  this  middle  spectrum  was  so  arranged  that  it  slightly 
overlapped  the  spectra  above  and  below. 

Instead  of  measuring  these  plates  by  the  ordinary  method,  by  means 
of  a  micrometer  microscope,  the  photographs  were  projected  on  a 
screen.  By  very  ingenious  devices,  the  authors  were  able,  by  suitable 
additions  to  the  lantern  and  a  screen  and  scale  of  certain  construction. 
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to  project  the  photographs  in  such  a  way  that  one  angstrom  unit  was 
equal  to  one  centimeter  on  the  screen.  The  scale  attached  to  the 
screen  was  graduated  to  millimeters  and  the  positions  of  the  lines  were 
estimated  to  tenths,  so  that  it  was  possible  to  read  their  wave-lengths 
directly  from  the  screen  to  0.01  angstroms,  250  A.  appearing  on  the 
screen  at  once;  but  of  these  100  A.  only  were  measured  at  the  center 
of  the  screen. 

As  a  result  of  their  many  years  of  e.xperience  with  this  method  of 
measurement,  the  authors  regard  it  to  be  quite  equal  in  accuracy,  but 
decidedly  quicker  than  the  actual  measurement  by  means  of  micrometer. 
It  was  possible  for  them  to  measure  a  spectrum  of  64  lines  in  i''3o'", 
a  spectrum  of  963  lines  in  s'^30™,  and  a  spectrum  of  2600  lines  in  8'*2  2™. 
As  a  matter  of  fact,  it  would  be  almost  impossible  to  measure  the 
120,000  lines  enumerated  in  their  table  by  the  well  known  and  generally 
used  method  of  measuring  by  micrometer. 

Investigators  in  astrophysics  will  naturally  question  the  accuracy 
of  this  method  of  measurement.  The  authors  were  able  to  make  a 
great  number  of  comparisons  by  measuring  the  same  spectrum  twice, 
by  investigating  the  wave-lengths  of  the  impurities  which  appear  in  a 
great  number  of  different  spectra,  etc.,  and  they  find  that  their  average 
error  for  6995  lines  is  0.016  A.  They  made  a  similar  comparison  for 
different  authors  who  have  published  similar  measures  and  they  find 
the  results  to  be  about  equal  in  the  two  cases. 

Those  who  have  occasion  to  investigate  wave-lengths  will  be  inter- 
ested in  the  following  table,  which  gives  the  number  of  lines  measured 
by  them  in  the  77  elements  investigated.  These  elements  are  arranged 
in  order  of  their  atomic  weights. 

One  will  notice  at  once  that  these  measures  are  in  some  respects 
sadly  lacking:  hydrogen,  for  instance,  has  but  one  spark  line,  and  carbon 
only  one  line  in  the  arc  and  28  in  the  spark. 

These  tables  of  E.xner  and  Haschek  cover  somewhat  the  same  field 
as  in  Kayser's  Handbuch  der  Spectroscopic,  Vols.  5  and  6.  The  differ- 
ence is  that  Exner  and  Haschek  give  all  the  lines  of  all  the  elements; 
Kayser  tabulates  onl}'  the  stronger  lines,  from  the  measures  by  various 
authors,  but  with  a  critical  discussion. 

While  investigating  the  spectrum  of  the  chromosphere  from  the  1905 
eclipse,  the  reviewer  had  need  to  find  the  origin  of  the  lines  in  the  chromo- 
sphere and  in  the  sun.  Comparisons  with  Rowland's  tables  left  much  to 
be  desired  in  the  way  of  identifications.  Fortunately  the  present  edition 
of  Exner  and  Haschek  appeared  before  this  work  was  completed.     The 
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reviewer  found  their  wave-lengths  on  the  whole  to  be  accurate  to  about 

0.03  or  0.04  A.  with  individual  discrepancies  of  double  that  amount. 

He  found  the  wave-lengths  in  practically  all  cases  thoroughly  reliable. 

He  found  the  spectra  almost  without  impurities,  and  he  wishes  hereby 

to  record  his  deep  obligation  and  gratitude  for  these  tables,  without 

which  the  identifications  could  not  possibly  have  been  made  as  complete 

as  they  were. 

S.  A.  Mitchell 
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A    DETERMINATION    OF    THE    SUN'S    TEMPERATURE 

By  GLENN  A.  SHOOK 

INTRODUCTION 

In  1906  Moissan  carried  out  a  number  of  experiments  upon  the 
vaporization  of  metals.'  He  placed  the  temperature  of  his  furnace 
at  3500°  C.  and  made  the  statement  that  all  known  elements  vola- 
tilize at  that  temperature.  Now  it  is  thought  by  Schulz  that  the 
temperature  of  the  furnace  must  have  been  considerably  above 
3500°  C.  and  probably  as  high  as  the  sun's  photosphere  which  he 
sets  at  5400°  C.''  He  argued  that  owing  to  the  large  current  used 
by  Moissan  there  was  an  enormous  amount  of  energy  which  had 
no  adequate  escape  by  conduction  or  radiation  and  which  therefore 
must  have  raised  the  temperature  of  the  furnace  up  to  the  point 
where  it  was  checked  by  the  melting  and  evaporization  of  the  lime- 
stone of  which  it  was  constructed.  He  moreover  asserts  that  the 
volatilization  of  the  metals  is  not  to  be  regarded  as  complete. 

We  also  find  the  following  remarks  in  regard  to  molybdenum 
and  tungsten: 

Molybdenum. — The  150  grams  were  not  fused  by  a  current  of  500  amperes 
and  no  volts.     After  applying  700  amperes  and  no  volts  for  seven  minutes, 

'  Annalcs  de  cliemie  el  de  physique,  8,  151,  1906. 
'  Aslrophysical  Journal,  29,  33,  1909. 
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the  metal  was  fused  but  nothing  evaporated.     After  twenty  mitiiites  56  grams 
were  distilled. 

Tungsten. — After  applying  500  amperes  and  no  volts  for  5  minutes  the 
metal  was  not  yet  fused.  After  applying  800  amperes  and  no  volts  for 
twenty  minutes,  boiling  commenced  but  only  25  grams  distilled. 

It  thus  appears  that  the  volatilization  is  partly  a  question  of 
time,  and  when  we  remember  that  the  sun's  photosphere  is  probably 
at  a  temperature  of  8000°  C.  or  9000°  C.  and  that  such  a  temperature 
has  existed  for  years  and  not  minutes,  we  must  conclude  that  all 
elements  in  the  sun  are  necessarily  in  the  gaseous  state. 

The  following  hypothesis  which  has  been  advanced  by  a  num- 
ber of  investigators'  is  confirmed  by  the  present  research. 

In  the  first  place  the  material  of  the  sun  is  '"gaseous."  that  is, 
it  follows  the  e.xtended  law  for  gases. 

Secondly,  the  radiation  that  reaches  us  comes  from  the  reversing 
layer  alone  or  at  least  only  from  the  superficial  layers  of  the  photo- 
sphere. 

Thirdly,  there  is  a  relatively  large  drop  in  the  temperature  at 
the  reversing  layer. 

If  there  is  considerable  scattering  of  light  due  to  the  gases  of 
the  reversing  layer,  then  the  light  that  reaches  us  comes  from  a 
small  depth  only.  Moreover,  the  scattering  is  greater  for  blue  light 
than  for  red,  consequently  the  blue  part  of  the  spectrum  must  be 
relatively  weaker  than  the  red  part.  Hence,  if  the  temperature 
falls  oft"  rapidly  as  we  move  outward  radially  through  the  reversing 
layer  we  should  expect  the  temperature  for  blue  light  to  be  less 
than  that  determined  for  red  light.  Also  as  wc  move  across  the 
sun's  disk,  we  should  expect  the  apparent  temperature  to  fall  off 
rapidly  as  we  approach  the  limb  and  we  should,  moreover,  expect 
the  temperature  gradient  for  blue  to  be  greater  than  that  for  red. 
This  is  precisely  what  the  writer  finds.  The  sharp  boundary  of 
the  photosphere  is  additional  proof  of  the  gaseous  scattering. 

That  the  scattering  prevents  us  from  seeing  beyond  a  shallow 
depth  of  the  reversing  layer  may  be  shown  by  a  rough  calculation. 

'  Secchi,  Le  soleU,  i,  Book  III,  chap,  iv,  p.  267;  1,  Book  VII,  chap  i,  p.  299; 
Schwarzschild,  "Ueber  das  Gleichgcwicht  der  SonnenatmosphSrc."'  Gi>ltittg,en  Xachr., 
Math.  Phys.  Kl.,  1906,  pp.  1-13;  Abbot,  The  Sun,  p.  236. 
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The  law  of  molecular  absorption  is  expressed  by  the  following 
formula: 

or 

log  y  =  -kh 

where  /„=  the  intensity  of  hght  incident  upon  the  absorbing 
medium;  /  =  the  intensity  of  the  transmitted  Kght;  ^  =  the 
fraction  of  light  absorbed  by  unit  thickness  of  the  medium;  and 
/i=the  thickness  or  height  of  the  absorbing  layer. 

Using  Abbot's'  values  for  the  transmission  of  the  atmosphere 
above  Mount  Wilson  we  have: 

Wave-length  in/u. 0.4        o-5        06        °  7 

Percentage  of  transmission. ...  76  89  95  97 

Taking  the  Mount  Wilson  atmosphere,  which  is  about  10  miles, 
as  our  unit  thickness,  the  length  of  a  column  of  gas  for  an  extinction 
of  99  per  cent  or  a  transmission  of  i  per  cent  for  a  wave-length  of 

o .  4  yu  becomes 

log  o  oi  , 

=  —0.24/; 


0.4343 

or 

/?  =  i8..s, 

that  is,  the  column  would  have  to  be  185  miles  if  the  gas  had  the 
same  density  as  the  Mount  Wilson  atmosphere. 

The  relative  densities  of  the  photosphere  and  the  Mount  Wilson 
atmosphere  may  be  determined  by  means  of  Boyle's  Law  as  follows: 

Let   the   pressure,  volume,  and   absolute   temperature   of   the 
former  be  p' .  v'.  and  T'.  and  the  corresponding  quantities  for  the 
latter  be  p.  v.  and  T.     We  may  now  write: 
pv  =  RT 


and 

p'v'  =  R2 

hence 

pv  _T 

p'v'  r 

'  Xalure,  81,  97, 

1909. 
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Assuming  that  the  pressure  of  the  reversing  layer  is  about  5  atmos- 
pheres, that  its  mean  temperature  is  7cxx)°  A.,  and  that  the 
temperature  of  the  earth's  atmosphere  is  250°  A.,  we  obtain  the 
relation: 

iXv  _  250 

SXv'    7000' 

Writing  d;  for  the  density  of  the  reversing  layer  and  d^  for  the 
density  of  the  earth's  atmosphere,  the  above  equation  becomes: 

(/,^  250X5 
d,       7000 

Hence  a  column  of  gas  on  the  sun  sufficient  to  produce  an  extinction 
of  99  per  cent  at  wav-e-length  0.4  /x  would  have  to  be 

18.5X10X =  1000  miles  hij;h  . 

250X5 

In  this  manner  Table  I  was  constructed 

TABLE   I 

Wavc-Ungfh  Miles 

0.4/t ICXX3 

o.  s  2400 

0.6  5200 

0.7  S60O 

Since  the  radius  of  the  sun  is  435,000  miles,  it  is  readily  seen 
that  the  radiation  which  we  are  utilizing  for  the  estimation  of 
temperature  comes  from  only  the  outermost  solar  layers.  It  is 
also  observed  that  for  short  wave-lengths  the  depth  to  which  we 
are  able  to  penetrate  is  smaller  than  that  which  i)blains  for  the 
longer  wave-lengths. 

EXPERIMEXIAL    METHOD    FOR    THE    DIRECT    DETERMIX.VTION"    OF    THE 
SU.V'S    .VPP.VREXT    TEMPER.\TURE 

The  method  employed  by  the  writer  for  the  deU'riniiiation  of 
the  sun's  apparent  temjierature  is  an  application  of  Planck's 
formula  for  the  visible  spectrum.  In  this  method  the  brightness 
of  the  sun's  disk  is  compared  photometrically  with  the  brightness 
of  the  filament  of  a  miniature  incandescent  lamp  for  three  different 
colors.     To    carry    out    these    observations    the    Department    of 
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Astronomy  of  this  uni\ersity  kindly  permitted  the  use  of  their 
small  observatory,  which  is  equipped  with  a  six-inch  equatorial 
telescope.  A  new  eyepiece  was  constructed,  providing  a  receptacle 
for  the  lamp  between  the  eye-lens  and  the  held-lens.  A  new  finder, 
provided  with  a  micrometer  scale  and  parallel  hairs,  was  also 
attached  to  the  telescope. 

An  image  of  the  sun  is  formed  b\-  the  objective  in  the  focal 
plane  of  the  eyepiece.  The  incandescent  lamp  is  adjusted  until 
its  filament  lies  in  the  plane  of  the  image  of  the  sun's  disk. 

If  one  looks  through  the  telescope  when  it  is  directed  toward  the 
sun  he  sees  the  image  of  the  lamp-filament  superimposed  upon  the 
image  of  the  sun's  disk.  Now  by  varying  the  current  through  the 
lamp  the  filament  can  be  made  to  disappear  against  the  bright 
background  of  the  sun's  image.  When  this  condition  obtains,  the 
temperature  of  the  filament  is  equal  to  the  apparent  black-body 
temperature  of  the  image,  and  by  means  of  Planck's  formula  the 
apparent  black-body  temperature  of  the  sun's  disk  can  be  esti- 
mated if  the  temperature  of  the  filament  is  known  as  a  function  of 
the  current  through  the  lamp. 

In  the  present  investigation  the  lamps  used  were  cahbrated 
by  the  Bureau  of  Standards,  The  eyepiece  that  was  used  in  the 
equatorial  and  which  contained  a  lamp  receptacle  was  fitted  into 
a  small  telescope  and  this  arrangement  was  used  by  the  bureau  in 
calibrating  the  lamps  by  means  of  their  standard  black  body. 
They  furnished  for  each  lamp  a  table  containing  a  series  of  temper- 
atures and  the  corresponding  currents  through  the  lamp.  The  error 
which  might  be  caused  by  reflections  from  the  lamp  globe  and  eye- 
piece lenses  was  thus  eliminated. 

As  a  matter  of  fact,  the  entire  filament  will  never  disappear 
since  all  parts  are  not  of  the  same  intensity,  but  one  always  uses 
the  central  portion  of  the  tip  and  this  is  practically  uniform  in 
intensity. 

The  filament  (Fig,  2)  may  be  moved  about  easily  to  any  point 
on  the  disk,  which  is  represented  by  the  dotted  line,  by  means  of 
the  right  ascension  and  the  declination  screws.  Fig,  i  shows  the 
reticle  of  the  finder  with  the  scale  and  parallel  spider  lines.  These 
parallel  lines  are  adjusted  so  that  their  distance  apart  is  equal  to 
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the  diameter  of  the  sun's  image,  and  they  are.  moreover,  always 
parallel  to  the  ecliptic. 

The  a.\is  of  the  lamp  is  generally  maintained  perpendicular  to 
the  ecliptic.  The  lamp  is  connected  in  series  to  a  few  storage  cells, 
an  adjustable  resistance,  and  a  milliammeter  (Fig.  3). 


This  arrangement  of  lamp  and  eyepiece,  which  is  the  result  of 
some  experimenting,  was  found  to  be  the  most  satisfactory.  With 
an  equatorial  as  small  as  this  one  the  image  is  only  about  i  cm  in 
diameter,  and  in  order  to  investigate  the  intensity  along  any  radius, 
i.e..  along  a  distance  of  0.5  cm.  with  any  accuracy  it  is  necessary 


Fig.  3 

to  have  a  rather  large  magnification.  In  order  to  obtain  a  clear 
image  the  field-lens  is  also  indispensable.  Again,  with  the  present 
arrangement  the  globe  of  the  lamp  just  about  fills  up  the  space 
between  the  two  lenses  and  therefore  it  is  not  in  focus;  conse- 
quently when  one  looks  at  the  tip  of  the  filament  the  contour  of  the 
globe  is  scarcely  noticed.  If  an  eye-lens  of  longer  focal  length  were 
used,  the  globe  would  cause  a  distortion  of  the  image. 
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The  problem  of  diminishing  the  intensity  of  the  sun's  image  to 
that  of  an  incandescent  lamp-filament  presents  no  small  difficulty. 
The  intensity  may  be  partly  diminished  by  diaphragming  down 
the  objective,  but  one  cannot  resort  solely  to  this  method  without 
seriously  impairing  the  definition  of  the  image.  When  the  aperture 
is  made  as  small  as  is  permissible,  an  absorption  glass  may  be  used, 
but  it  is  almost  necessary  to  use  three  or  more  if  the  absorption 
coefiicient  of  the  arrangement  is  required  in  any  calculation.  The 
density  of  a  single  glass  required  to  make  the  necessary  reduc- 
tion in  intensity'  is  so  great  that  it  is  impossible  to  measure  its 
absorption  coefficient  with  any  accuracy.  Since  the  absorption 
of  these  glasses  is  never  absolutely  general,  i.e.,  non-selective, 
and  since  they  differ  slightly  among  themselves,  it  is  necessary 
to  measure  the  absorption  factor  of  each  glass  for  each  wave- 
length used. 

Moreover,  the  optical  properties  of  these  glasses  must  be  almost 
as  good  as  those  of  the  telescope  objective;  otherwise  aberrations 
would  result.  It  is  for  this  reason  that  it  is  practically  impossible 
to  use  a  large  telescope  since  the  absorption  glasses  would  have  to 
be  made  with  as  much  care  as  the  objective  of  the  telescope. 

In  order  to  determine  the  best  arrangement  for  the  sLx-inch 
equatorial  used  in  this  investigation  a  number  of  observations 
were  carried  out  upon  the  moon's  disk.  The  most  conspicuous 
craters  were  carefully  studied  with  a  full  objective  and  then  with 
a  number  of  diaphragms  having. apertures  of  different  size.  In 
this  manner  it  was  found  that  an  aperture  of  about  i .  5  cm  still 
produced  good  definition.  In  addition  to  this  diminishing  of  the 
aperture,  three  absorption  glasses  were  also  used.  The  objective 
of  the  finder  was  also  stopped  down  and  in  addition  an  absorption 
glass  was  used. 

Monochromatic  light  was  produced  by  placing  colored  glasses 
directly  before  the  eye-lens  R  (Fig.  3).  It  is  practically  impossible 
to  obtain  a  single  colored  glass  which  is  even  appro.ximately  mono- 
chromatic. Four  colors  of  Jena  glass  were  obtained  from  Petit  di- 
dier,  Chicago — namely,  red,  yellow,  green,  and  blue.  The  red  is 
remarkably  good,  transmitting  only  a  red  band,  and  that  rather 
narrow.        The   yellow,    which   appeared   monochromatic    to    the 
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unaided  C3e,  was  found  to  transmit  almost  the  entire  spectrum. 
The  green  contains  a  faint  band  in  the  yellow  but  it  is  free  from 
blue.  The  blue  glass  transmits  a  band  in  the  red,  as  is  usually  the 
case  with  blue  glasses,  and  also  faint  lines  in  the  green. 

While,  according  to  our  information,  these  are  the  best  glasses 
that  can  be  obtained,  it  is  readily  seen  that  they  were  unsuitable 
without  .some  modifications. 

A  detailed  study  of  monochromatism  of  various  kinds  of  glass 
was  then  undertaken.  A  quantity  of  difTerent  kinds  of  colored 
glass  was  obtained  and  these  glasses  were  all  examined  separately 
by  means  of  a  spectroscope,  and  then  different  combinations  were 
tried  until  the  best  arrangement  was  obtained.  The  Jena  glasses 
were  found  to  be  superior  to  any  e.xamined  but  a  combination  of 
three  different  glasses  was  found  to  give  the  best  results. 

For  example,  some  green  glass  transmits  blue  light  but  no  red. 
while  nearly  all  blue  glass  transmits  some  red;  consequently  a 
combination  of  the  two  is  practically  free  from  red  without  any 
perceptible  reduction  of  the  blue  light. 

In  this  manner  it  was  possible  to  obtain  combinations  for  red, 
green,  and  blue  light,  all  of  which  are  practically  monochromatic. 
The  search  for  monochromatic  yellow  was.  however,  futile.  It 
seems  almost  impossible  to  obtain  a  glass  or  a  combination  of 
glasses  which  produces  yellow  and  excludes  all  the  other  colors  in 
even  a  moderate  degree. 

The  fact  that  a  glass  for  a  jiarticular  color  may  contain  a  faint 
band  of  another  color  is  often  of  no  consequence,  providing  that 
consistent  readings  may  be  made,  and  a  very  narrow  band  is  not 
always  necessary  if  the  band  contains  only  one  color.  For  instance, 
we  may  have  a  rather  wide  red  band,  but  so  long  as  there  is  no 
orange  included  in  the  band  a  good  photometric  balance  can  always 
be  made,  and  the  wave-length  used  would  always  be  the  central 
part  of  the  hand.  The  difference  between  this  wave-length  and 
the  true  optical  center  of  gravity  is  too  insignilicant  to  consider  in 
this  particular  problem. 

There  are  other  methods  for  producing  monochromatic  light, 
but  none  is  \ery  well  suited  to  this  particular  problem.     The  spec- 
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troscopic  eyepiece  designed  by  Mendenhall"  for  pyrometers  using 
the  disappearing-filament  principle  is  best  adapted  to  this  particular 
apparatus,  but  it  was  rejected  for  several  reasons.  In  Menden- 
hall's  pyrometer  a  short  horizontal  section  of  the  lamp-filament 
and  the  superimposed  image  are  focused  upon  the  slit  of  an  auxil- 
iary direct-vision  spectroscope.  The  sHt  of  the  spectroscope  is 
vertical  so  that  the  field  is  crossed  by  three  spectra,  the  middle 
one  corresponding  to  the  lamp-filament.  A  diaphragm  is  so  placed 
in  the  focal  plane  of  the  eyepiece  of  the  spectroscope  that  only  the 
desired  region  of  the  spectrum  is  transmitted  to  the  eye.  In  order 
that  this  central  band  may  be  wide  enough  to  make  a  photometric 
comparison  it  is  necessary  to  use  a  very  thick,  lamp-filament,  and 
this  is  impossible  when  a  large  magnification  of  the  image  is  required 
as  in  the  present  investigation,  for  then  all  parts  of  the  filament 
would  not  be  in  focus.  Even  with  a  line  filament  there  is  some 
distortion  of  the  image. 

Furthermore,  any  such  spectroscopic  method  diminishes  the 
intensity  of  the  light  considerably,  making  it  necessary  in  the  blue 
and  violet  region  to  open  both  slits  of  the  instrument  very  wide  in 
order  to  get  suflicient  light  to  make  a  balance.  If  this  is  done,  we 
have  no  longer  strictly  monochromatic  light,  and  we  may  as  well 
employ  colored  glasses.  With  a  colored  glass  one  sees  the  filament 
and  sun's  image  directly  so  that  he  always  knows  just  what  part 
of  the  disk  he  is  on,  but  with  the  spectroscopic  eyepiece  this  of 
course  is  not  the  case,  and  he  must  depend  entirely  upon  the 
finder. 

It  has  been  shown  by  a  number  of  experimenters  that  the 
disappearing-filament  principle  is  by  far  the  most  sensitive  photo- 
metric scheme  that  we  have,  and  it  is  particularly  adapted  to  this 
problem,  since  one  can  move  the  filament  about  to  any  point  on 
the  sun's  image,  and  make  a  temperature  measurement  at  that 
point. 

The  wave-lengths  of  the  monochromatic  glasses  were  deter- 
mined by  means  of  a  Lvunmer-Brodhun  spectrophotometer  made 
by  Schmidt  and  Hensch.  The  same  instrument  was  also  used  to 
determine  the  absorption  coefficients  of  the  absorption  glasses. 

^Physical  Reviru-,  33,  i,  igii. 


286  GLEXy  A.  SHOOK 

DATA   AXU   RESULTS 

I.  Wavc-lciigllis  of  Ihc  monochromatic  glasses. — The  readings 
of  the  arbitrary  scale  of  the  Lummer-Brodhun  spectrophotometer 
for  the  three  colored  glasses  used  are  given  in  the  following  tables: 


TABLK  II 
Ocular  Sut=o.o5  cm       Slit  No.  i,  50 


Red  Glass 

Green  Glass 

Blue  Glass 

Blue  End 

Red  End 

Blue  End 

Red  End 

Blue  End 

Red  End 

616 

546 

734 

654 

994 

75° 

618 

546 

732 

654 

994 

748 

614 

344 

734 

652 

990 

730 

618 

546 

736 

634 

994 

748 

616 

542 

736 

652 

994 

752 

616 

546 

734 

656 

1,000 

750 

616 

544 

734 

656 

1,002 

748 

616 

546 

736 

654 

996 

730 

614 

546 

736 

634 

994 

748 

614 

344 

734 

654 

996 

754 

Mean 580 

Mean 694 

Mean 868 

The  blue  light  was  very  faint,  hence  the  readings  arc  not  quite 
so  consistent  as  in  the  case  of  the  retl  and  green. 

The  wave-lengths  in  y..  corresponding  to  these  arbitrary  scale 
readings,  are  as  follows: 


Lummer-Brodhun 
Scale  Reading 

Wave-Length  in  m 

580 
694 
868 

0-S37 
0.446 

Blue  glass 

2.  Absorption  faclors. — In  dcterinining  the  absorjjtion  factor  K 
for  any  j)articular  glass  the  zero  reading  of  the  Lummer-Brodhun 
spectrophotometer  was  taken  before  and  after  the  observations 
with  the  glass. 

The  standard  lamjis  were  connected  in  parallel  to  the  same  mains 
and  the  voltage  was  controlled  by  a  rheostat. 
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Red  Light 


L.-B.  No.  580 
Ocular  Slit  =  0.05  cm 


Slit  No.  I,  50.0. 

Slit  No.  2,  51.0. 
5I-9- 
50.6. 

SO-9- 
510. 

SI  9- 
Si.o. 
5I4. 
52.0. 
Si-3- 


Slit  No.  I, 
Slit  No.  2, 


8.4. 
8.3. 
8.4. 
8.3. 
8.3. 
8.4. 
8.4. 
8.4. 
8.3. 
8.3 


Mean .  .  S  i .  30 


Mean 8.3s 


Glass  No.  I                             Volts 

Glass  No.  I 

Volts 

8 
8 

3 1070 

8.3 

8.5 

107.0 

8 

8.3 

8 

84 

8 

8.3 

8 

8.2 

8 

8.3.     . 

8 

107.0 

8.3 

8.5 

107.0 

8 

8 

8  3 

Mean.  .  .8.39 

Mean.  .  .  .8.34 
Mean 30  observations . .  8 .  36 

Redetermination  of  Zero  Reading  of  Instrument 


2, 523 

52 

3 

52 

3 

SI 

3 

52 

2 

S3 

0 

S2 

7 

SI 

8 

SI 

9 

S2 

3 

51 

9 

Slit  No.  I,  50.0. 

Slit  No.  2,  52.6. 
Si-3- 
52.0. 
Si-S- 
52. 2. 
50  3- 
S^i- 
52.4- 
53-2- 
S3°- 


Slit  No.  2,  51 


Mean  of  30  observations . 
First  reading 


51-36 

51-30 

Mean Si  -33 
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Calculation  of  the  absorption  factors  for  red  light,  0.661  n. 

Let  the  reading  of  slit  No.  i  be  5,  and  slit  No.  2  be  5,  when  no 
glass  is  interposed  between  lamp  and  slit  No.  2.  Also  let  S[  and 
S2  be  the  corresponding  readings  when  a  glass  is  inserted;  then  the 
absorption  factor  R  is 

s',  ■  s,   5,  ■  s: 


Glass  ISo.  I R'  =  ~    •  i — 2  =  ^^-3 


.100     51^ 
50  '8.36" 

Glass  No.  2 /?,  =  1 1 . 8 

Glass  No.  3 /?3  =  ii.9 

whence 

R  =  R,R,R,=^ij2s  (red). 

The  absorption  factors  for  the  green  and  blue  glasses,  obtained 
in  the  same  manner,  are  340  and  656  respectively. 

The  lamps  used  for  estimating  the  sun's  temperature  were  cali- 
brated in  a  small  telescope  of  2.68  cm  aperture.  The  distance 
from  the  filament  to  the  aperture  was  59.8  cm.  In  the  observa- 
tory telescope  the  distance  from  filament  to  aperture  was  157.5  ^i" 
and  the  aperture  was  i .  49  cm  in  diameter. 

The  ratio  of  the  two  solid  angles  gives  the  reduction  factor  for 
the  telescope.     We  therefore  obtain: 

TT         (2.68)-'    .    TT  (1.49)' 

4     (59-8)"     4     (1575)' 

The  resultant  reduction  factors  for  the  three  colors  then  become: 

For  0.661  fi    7?  =  22. 3X1725  =  38, 500  (i) 

o  537M    R=22.iX  340=7580  (2) 

0.446^1     R  =  22.^X  656=14,610  (3) 

3.  Temperature  measurement  of  the  sun's  disk. — The  distance 
across  the  sun's  disk,  was  measured  by  means  of  a  micrometer  scale 
in  the  finder  of  the  telescope,  but  the  number  corresponding  to  the 
center  of  the  disk,  would  of  course  change  if  the  lamp  were  raised 
or  lowered.  For  the  observations  carried  out  for  the  red  and  green 
light  54  corresponded  to  the  center  of  the  disk  and  69  to  the  extreme 
edge  or  limb. 
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The  radius  of  the  disk  is  thus  equal  to  15  divisions  on  the  scale 
of  the  finder.  In  the  following  tables  the  readings  of  the  ammeter 
are  given  for  various  distances  from  the  center  of  the  disk.  When 
the  filament  was  adjusted  to  the  desired  point  on  the  disk  the 
current  through  the  filament  was  varied  continuously  until  the  tip 
had  the  same  intrinsic  intensity  as  the  region  surrounding  it  or 
until  it  disappeared  against  the  disk. 

The  following  (Table  V)  is  a  sample  of  the  data  obtained  for  the 
variation  of  the  temperature  with  distance  from  the  edge  to  the 
center  of  the  disk. 

TABLE  V 

Ammeter  Readings  for  Green  Light 

^  =  0.537*' 


69 

68 

67 

64 

80.0 

84.0 

86.0 

91.0 

82.0 

84 

.S 

87 

.S 

91 

5 

795 

83 

S 

87 

0 

89 

5 

81.0 

83 

.^ 

86 

S 

89 

0 

81.0 

S3 

.1 

88 

.s 

91 

0 

81.0 

83 

0 

87 

,s 

91 

5 

81.0 

85 

0 

87 

■S 

Sg 

5 

82.0 

82 

,s 

86 

.^ 

90 

5 

81.5 

82 

.1 

87 

,^ 

91 

5 

81.0 

82 

5 

85 

5 

90 

0 

Mean ....  81 .  i 

Mean 

83. S 

Mean 

87,0 

Mean 91 .0 

60 

54 

69 

69 

69 

92.0 

93-5 

81. S 

80.0 

80.0 

93  0 

92 

5 

82.0 

80. 5 

80 

0 

91-5 

93 

81. s 

Si. 5 

81 

S 

915 

93 

0 

82.0 

80.5 

80 

0 

93  0 

91 

0 

81. s 

80.0 

80 

s 

930 

92 

0 

81.5 

80.0 

82 

0 

92-3 

92 

0 

81.0 

82.0 

80 

0 

91  5 

92 

0 

82.0 

80.0 

80 

5 

92-5 

91 

81.5 

81.0 

81 

0 

91 .0 

91 

5 

81. S 

81. s 

80 

0 

Mean.  92. 2 

Mean.  92. 3 

Mean  of  30  0 

jservations 

81.0 

In  this  case  the  observation  on  the  edge,  i.e.,  69,  was  repeated 
and  it  is  seen  that  the  agreement  is  better  than  might  be  expected 
considering  the  uncertainties  of  such  measurements. 
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Instead  of  reducing  these  readings  to  temperatures  of  the  sun"* 
disk,  a  curve  was  plotted  for  each  color,  co-ordinating  ammeter 
readings  and  distances  from  center  of  disk.  For  any  particular 
distance,  the  corresponding  ammeter  reading  may  be  obtained 
directly  from  the  curve.  This  gives  a  better  average  of  all  the 
values  taken  across  the  disk. 

4.  Reduction  of  an  observation. — Since  it  is  somewhat  easier  to 
use  Wien's  formula  for  the  reduction  of  these  temperatures,  that 
fonnula  will  be  used  for  all  the  calculations.  A  temperature  esti- 
mation will  also  be  made  by  means  of  Planck's  formula  to  show  the 
difference  in  the  two  results. 

We  shall  consider  in  detail  only  the  data  obtained  for  red  light, 
as  the  same  method  applies  equally  well  to  green  and  blue. 

Let  T'  equal  the  black-bod\-  temperature  of  the  sun's  disk,  £' 
the  intensity  of  radiation  incident  upon  the  objective  of  the  tele- 
scope. Also  let  T  be  the  apparent  temperature  of  the  sun's  image 
and  E  the  intensity  of  the  energy  transmitted  by  the  absorbing 
media  of  the  telescope. 

AMen's  formula  mav  now  be  written  for  the  two  cases  as  follows: 


and 


log£'  =  ^.-^,^,  (4) 


\ogE=k,-k,^.  (5) 


Subtracting  (5)  from  (4)  we  obtain: 
E' 


iog£=^;.-;-,). 


Hut 

E' 


K 


where  R  is  the  reduction  factor  of  the  telescope. 

Whence 

I      I  _ log  R _,_        log  /?A 


T    T       k,  14,500X0.4343' 

From  (i): 

/?  =  38,500 
and 

X  =  o.C)6i  . 


Therefore 


whence 
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log  38.500X0.661 

R  = — =  0.000482 

14,500X0.4343 


J,,  =  ^  —  0.000482 
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(6) 


Now  consider  curve  i.  Fig.  4,  for  scale  division  54,  i.e.,  the 
center  of  the  sun's  image;  the  ammeter  reading  is  67.2,  and  this 
corresponds  to  a  temperature  of  1317°  C.  or  1590°  A.  If  we  sub- 
stitute this  value  for  T  in  equation   (6)   we  obtain   for   2"    the 
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temperature  of  the  sun's  disk,  a  value  of  6803°  A.  In  this  manner 
data  were  obtained  for  curves  2,  3,  and  4,  Fig.  5. 

As  we  move  from  the  center  of  the  disk  toward  the  limb,  the 
temperature  falls  off  more  rapidly  for  the  shorter  wave-lengths, 
but  near  the  limb  it  falls  off  less  rapidly. 

There  has  always  been  considerable  discussion  as  to  the  best 
value  of  the  constant  G.  The  value  used  by  Lummer,  Prings- 
heim,  Paschen,  and  Wanner  is  14,500.  Our  own  Bureau  of  Stand- 
ards' also  accepts  the  same  value  but  the  value  determined  by 

■  Bulletin  Bureau  of  SlamiarJs,  3,  \o.  2. 
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Holborn  and  \'alentiner  is  much  lower   14.200.'     Again.  Xernst 
and  Wartenberg  use  the  value  14.600.-'     To  show  the  effect  of  the 


variation  of  this  constant  on  the  value  of  the  temperature  of  the 
sun,  the  following  values  were  calculated  for  red  and  blue  light: 

TABLE  VI 


c. 

14,000 

14,100 

14,200 

i4.3°o 

14,400 

14.500 

14,000 

14,700 

14,800 


Red  0.60^ 

Blue  0.446  iui 

7- 

r 

0135 

4310 

6211 

4348 

6329 

4386 

6494 

4425 

6667 

4464 

6803 

450s 

6944 

4545 

7143 

4587 

7299 

4630 

Ann.  dcr  Physik,  32,  1,  1907. 

Vcrli.  dcr  deulschen  phys.  Ges.,  8,  48,  1906. 
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We  shall  now  determine  the  value  of  the  temperature  for  red 
light  X  =  o.66i  n  by  means  of  Planck's  formula  in  order  to  see  what 
error  results  by  using  Wien's  fonuula. 

Using  the  same  notation,  we  may  write  Planck's  formula  for 
the  two  temperatures  as  follows: 

E'  =  C,\-i—^ (7) 

and 

(8) 


i 

(e'^~' 

-i) 

E  = 

■■C,\-i 

I 

fj 

{e'^f- 

-i) 

Di 

ividing 

(8) 

by  (7) 

we  obtain 

E' 
E~ 

Iil  = 

-R. 

'' 

(e^''"- 

-i) 

W 

riting 

i'q)  i 

n  the  form: 

(C>^T 

-'i 

+  1  = 

Ci 

we  finally  obtain: 

Now  let 
whence 


Mog  e==k. 


log  [i(e*^-l)  +  l] 


To  evaluate  c-^^  let 

KT 


*-•     1 


whence 

log  ;v  =  -^^^  ^  , ,     '^-^  =  5  99 
*  o. 661X1590       ^  ^^ 

and 

.v  =  977,000 . 


(9) 


T'  = T. ■■  (10) 


(11) 
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/?  =  38,500 
^°gr^S^+^l=l°g(^S3+i)  =  i.42o. 

The  constant  ^2  is  9520  and  the  real  temperature  now  becomes: 

r  =  ^?^  =  67oo°A. 
1.420 

If  we  neglect  the  i  in  the  expression  log(25.3+i)-  then  the 
expression  reduces  to  Wien's  formula  in  which  case 


whence 


log  25.3  =  1.403 


r=95^  =  68oo°A. 
I  403 


The  valuation  of  the  apparent  temperature  with  the  sun's 
zenith  distance  was  determined  for  green  light  and  the  results  are 
shown  in  curve  5,  Fig.  6. 
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5.  Correction  for  almosp/ieric  ahsorplion. — The  ratio  of  the 
intensity  of  the  sun.  at  the  boundary  of  the  atmosphere  and  at 
the  surface  of  the  earth,  is  given  by  the  well  known  formula: 

(12) 


where 


Ee     A'''^ 

£s  =  intensity  of  sun  at  the  boundary  of  the  atmosphere 
Ee  =  intensity  of  sun  at  the  telescope 
A  =  the  transmission  coefficient 
Z  =the  zenith  distance 

If  the  intensity  is  known  for  two  different  hours,  say  12:00 
and  4:00  o'clock,  then  A  may  be  determined  from  the  relation: 

(13) 


sec  Z,2— secZ4 ' 


By  means  of  curve  5,  the  apparent  temperature  of  the  sun  for 
these  two  hours  may  be  determined  and  by  means  of  Wien's 
formula  the  ratio  of  the  corresponding  intensities  may  be  deter- 
mined.    Writing  Wien's  formula  for  the  two  cases  we  obtain: 

\ogE,.  =  k,-k,^ 
and 

log  £4  =h—k,Y 
whence 

By  means  of  (14),  using  the  data  obtained  from  curve  5,  we 
obtain: 

log— =0.14 

and  by  means  of  tables 

Z,,  =  i7.i  andZ4  =  54.3 
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whence 


o.  14 
sec  17 
and 


loe  ,4  = ' =0.80^—1 

sec  17.1-sec  54.3 


.4=0.63. 

The  mean  of  5  values  of  A  determined  for  2:00.  3:00.  4:00. 
5:00,  and  6:00  o'clock  was  found  to  be  0.64. 

Using  the  values  of  the  transmission  coefficients  obtained  lor 
Washington  and  Mount  Wilson'  the  following  values  were  found 
by  interpolation  for  red  and  blue  light: 

For  red  light,  0.661  n.  .4=0.74.  and  for  blue  light,  0.446  ;u. 
^=0,50. 

The  absorption  factor  already  determined  for  the  telescope  will 
now  be  determined  for  red  light.  0.661  ^^. 

Equation  (12)  may  be  written  in  the  form 

£ 

log  —  =  — sec  Z  log  .1  . 

The  time  of  observation  of  the  temperature  for  red  light  was 
2:00  P.M.,  September  i.  1912,  and  the  zenith  distance  for  this  hour 
is  4 2? 7.     We  therefore  obtain: 

£ 

log  p  =— sec  42.7 X log  0.74  =  0  178 
and 

^  =  1.505- 

The  reduction  factor  for  red  light,  0.661  n.  corrected  for  atmos- 
pheric absorption  now  becomes: 

R'  =  38,5ooX  1 .  505  =  58,000 

and  the  new  constant  k'  is 

,,     log  s8,oooXo.66i 

k  =-"— =o.ooo4oh. 

14,500X0.4343 

■  .\bbot,  The  Sun,  p.  J42. 
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Equation  (6)  therefore  becomes: 

y„=y,— 0.000408 

and  the  corrected  temperature  for  the  center  of  the  disk  is  7580°  A. 
In  a  similar  manner  the  reduction  factors  for  the  other  colors  were 
foimd  to  be  15.300  for  green  and  37,000  for  blue  light.  The  data 
for  green  light  were  determined  on  September  22.  191 2,  at  2:00 
P.M..  and  that  for  blue  light  on  April  15.  1913.  at  2  :oo  p.m. 

The   sun's   temperature   for   the   three   colors   is   therefore   as 

follows: 

For  red  light,  0.661  /n:758o°  A. 

For  green  light,  o.  537  /x:5gQo°  A. 

For  blue  light,  o  446  /x:523o°  A. 

Without  the  absorption  of  the  light  through  the  atmosphere  of 
the  earth  we  find  for  the  three  colors  the  following  values: 

For  red  light  6803°  A. 
For  green  light  5208°  A. 
For  blue  light  4505°  A. 

There  is  possibl}-  a  small  error  in  the  determination  of  the  trans- 
mission coefficients  of  the  atmosphere,  due  to  the  fact  that  these 
coefficients  were  not  determined  at  the  same  time  and  therefore 
possibly  not  under  exactly  the  same  conditions  of  the  atmosphere 
as  those  under  which  the  radiation  of  the  sun  was  measured. 

The  last  two  series  of  values  indicate  clearly  that  the  sun  is  not 
a  black  body,  because  for  a  black  body  we  should  find  the  same 
temperature  for  each  wave-length.  This  fact  is  also  demonstrated 
directly  by  the  actual  distribution  of  the  energy  of  radiation  through 
the  spectrum  and  through  the  results  of  the  three  general  methods 
which  may  be  used  for  the  determination  of  the  sun's  temperature 
based  upon  the  following  laws: 

Stefan-Boltzman  Radiation  Law: 

£  =  76.8Xio--^r^ 
Wien's  Displacement  Law: 
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Planck's  Distribution  Law: 

£  =  g,A.-s__i . 

(e*^-i) 

The  first  method  gives  a  temperature  of  5830°  A.  if  we  use 
Abbot's  value  of  the  solar  constant  i  .922.  In  the  second  method, 
if  we  take  the  wave-length  of  the  maximum  energy  as  0.470  fi'  we 
get  a  temperature  of  6230°  A.  The  third  method,  as  has  just  been 
shown  by  the  present  investigation,  gives  a  temperature  of  7580°  A. 
All  the  determinations  of  the  temperature  of  the  sun  by  means  of 
radiation  give  therefore  only  appro.ximative  results,  and  the  devia- 
tions of  the  temperatures  for  different  colors  and  for  diliferent 
methods  indicate  how  far  the  sun's  radiation  ditTers  from  that  of  a 
black  body,  .\nother  example  taken  from  laboratory  practice 
may  illustrate  the  difference  between  the  thermodynamic  tem- 
perature of  a  radiating  body  and  the  temperature  obtained  by 
radiation  methods.  If  we  attempt  to  measure  the  temperature 
of  a  piece  of  iron  at  about  1600°  A.,  by  means  of  the  total  radiation 
emitted  we  obtain  a  temperature  which  is  about  400°  lower  than 
the  true  temperature,  but  if  we  utilize  the  radiation  corresponding 
to  a  single  wave-length,  say  o,6;u,  we  obtain  a  temperature  which 
is  about  150°  lower. 

SUMMARY 

1.  The  temperature  of  the  sun  has  been  measured  by  a  new 
method  based  on  Planck's  and  Wien's  laws  of  radiation  for  three 
difTerent  wave-lengths. 

2.  The  variation  of  the  radiation  of  the  sun  from  the  center  to 
the  limb  has  been  measured  for  three  difTerent  colors. 

3.  The  absorption  of  green  light  in  the  atmosphere  of  the  earth 
has  been  measured. 

In  conclusion  I  wish  to  thank  Professor  A.  P.  Carman  and 
Professor  J.  Kunz  for  their  many  helpful  suggestions  during  the 
investigation  of  the  above  problem. 

Labok.\tory  of  Physics 
University  of  Illinois 

October  19 13  ' 

■.•\l>l)nt,  The  Sim,  p.  ()g. 


ox    THE    THEORETIC.\L    PHOTOMETRY    OF    DIFFUSE 
REFLECTION 

By  L.  GFL^BOWSKI 

By  diffuse  reflection  is  understood  the  property  of  a  body  where- 
by in  contrast  to  bodies  with  a  poUshed  surface  it  acts  under  the 
influence  of  radiation  as  if  each  element  of  its  surface  would  send 
out  light  to  all  directions  of  external  space;  in  so  doing  the  intensitj^ 
/  of  this  apparent  luminosity  toward  the  different  directions  of 
external  space  (dift'erent  directions  of  emanation)  follows  a  law  of 
the  form 

7  =  8  •  F(i,  (.,  rj)  .  (i) 

Here  5  signities  the  intensity  of  the  incident  luminous  radiation 
at  the  point  of  the  surface  under  consideration  (spatial  densit}- 
of  the  luminous  energy),  and  i  denotes  the  angle  of  incidence  of 
these  rays.  «  denotes  the  angle  of  emanation,  and  rj  the  azimuth 
of  this  direction  reckoned  in  the  tangential  plane  from  the  plane 
of  incidence  (azimuth  of  emanation).  F  is  a  function  peculiar  to 
the  body. 

In  what  follows  we  shall  denote  this  phenomenon,  which  has 
been  hitherto  called  diffuse  scattering  or  diffuse  reflection,  as 
briefly  "diiHection."  Per  contra,  we  shall  use  the  simple  term 
''reflection"  to  denote  the  phenomenon  ordinarily  called  regular 
reflection.  This  is  characterized  by  the  fact  that ./  diff'ers  from  zero 
only  for  a  single  direction  of  emanation,  namely,  for  7?=i8o°  and 
t  =  i.  This  value  is  /  =  5  •  J(i).  where/  is  a  function  pecuhar  to  the 
body.  According  to  Fresnel's  law  of  reflection  (the  correctness  of 
which  we  shall  not  presuppose  in  what  follows)  the  function  /  has, 
as  is  well  known,  for  all  polished  bodies  the  following  form: 


^  Tta.n'(i-r)     sinH'-r)~l 
■'^'''     \ian'{i+rysm'{i+r)_\' 


sin  r  =  i)!  sin  ; 


where  m  is  a  constant  of  the  body  (the  reciprocal  of  the  index  of 
refraction). 

The  existing  theories  of  "difflection"  concern  themselves  almost 
exclusively  with  the  case  where  the  function  of  "difflection"  F  in 

29y 
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equation  (i)  does  not  contain  the  azimuth  of  emanation  jj,  so  that 
it  is  reduced  to  F{i,  e).  The  apparent  emission  of  light  from  an 
element  of  surface  of  such  a  body  is  therefore  equally  strong  for  all 
directions  of  emanation  which  form  a  circular  cone  about  the  normal. 
We  shall  say  in  this  case  that  the  difHection  is  circular.  Several 
different  expressions  have  been  proposed  for  the  form  of  the  func- 
tion F.  of  which  the  most  important  for  theoretical  investigations 
are  the  law  of  Lambert  and  that  of  Lommel-Seeliger.  The  first 
of  these  constitutes  merely  an  assumption  not  thoroughly  founded, 
the  latter  is  analytically  derived  from  certain  plausible  conceptions 
of  the  cause  of  the  phenomenon  of  difflection.  The  first  contains 
one  undetermined  constant,  the  second  two.  E.xperimental  inves- 
tigations on  difTerent  difflecting  substances  have,  however,  shown 
that  in  the  first  place  many  of  them  do  not  "difHect""  in  a  circular 
manner  at  all,  and.  second,  that  even  in  circular  difflection  neither 
the  Lambert,  nor  the  Lommcl-Seeliger.  nor  any  other  law  has 
unlimited  validity,  but  rather  that  different  substances  follow  differ- 
ent laws  of  difflection. 

Bouguer  formed  a  conce])ti()n  of  the  physical  cause  of  difflection 
which  un(|U(.'stionably  must  appear  at  the  first  glance  as  a  thor- 
oughl\-  plausible  explanation  of  the  phenomenon.  He  assumes 
that  each  element  of  surface  consists  of  countless  infinitely  small 
mirrors  which  are  pointed  toward  all  possible  directions.  H.  von 
Seeliger  has  more  recently  tested  Bouguer's  hypothesis  analyti- 
cally and  established  the  fact  that  it  is  impossible  to  determine 
the  frequency  function  of  the  orientations  of  the  mirrors,  and  the 
law  of  reflection  /  which  holds  for  the  mirrors  so  that  there  shall 
result  a  difflection  according  to  Lambert's  or  according  to  the 
Lommel-Seeliger  law. 

It  will  l)c  ]ir()\ed  in  what  follows  lliat  llie  pjienonienon  of  cir- 
cular difflection  cannot  be  explained  by  the  Bouguer  hypi)thesis. 
tvliatccer  may  be  llie  special  law  of  difflection  of  llie  ^iveii  body 
(excluding  the  law  /'"(/,  e)  =  constant). 

Imagine  around  the  position  (P)  of  an  eknunt  of  surface  df  a 
sphere  constructed  with  any  selected  large  radius  and  mark  on  this 
spherical  surface  b\-  the  points  .V.  .S,  O  (Fig.  i,  \iew  from  above), 
the  directions:   of  the  external  norma!  of  the  elenienl.  the  direction 
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meeting  the  incident  ra\s,  and  the  direction  toward  the  point  of 
observation.  If  PM  is  the  direction  which  falls  just  in  the  middle 
between  the  two  last  directions,  then  it  is  clear  that  of  all  the  count- 
less little  mirrors  of  which  dj'is  constituted,  only  those  can  send  light 
to  the  point  of  observation  whose  nomials  have  just  the  direction 
PM.    If  we  designate  the  number  of  little  mirrors  of  this  orientation 


contained  in  the  clement  dj  by  ndj.  then  we  shall  have  to  assume 
that  «  is  a  function  (unknown)  of  the  zenith  distance  f  of  the 
direction  PM,  but  is  independent  of  the  azimuth  of  this  direction. 
If  the  average  area  of  a  mirror  is  a.  then  we  may  place  for  the  total 
surface  ndj -a  of  mirrors  oriented  toward  M: 

j"  may  be  expressed  according  to  formulae  of  spherical  trigo- 
nometry by  the  angle  of  incidence  i  of  the  rays  with  the  normal  of  df, 
the  angle  of  emergence  «.  and  the  azimuth  of  emergence  rj.  We 
have: 

cos  2/  =  COS  /  cos  £-|-sin  /  sin  e  cos  >;  (2) 

and  (from  the  formulae  for  cos  /  and  cos  t  from  the  two  triangles): 
4.    cos  «-f-cos  €  cos  t+cos  £  ,  , 

cos  4= ^  = :^ ...  {?>) 

-  COS  /         I    2^    i-t-cos  /  cos  t-|-sm  i  sin  £  cos  r) 

'ihe  angle  of  incidence  of  the  rays  in  respect  to  the  normal  to  the 
efTective  mirrors  \sj.  If  we  designate  the  function  of  reflection  by 
the  symbol/,  and  if  we  assume  Fresnel's  law,  we  should  put 

ft  ■-.  —  i  S  '^''"'  [y~^rc  sin  {m  sin^))     sin^  [7— arc  sin  im  sinj)]  f 
I  tan-]j-|-arc  sin  {m  sin  7')]     sin-' [y'-j-arc  sin  {m  sin  7)]  ( 
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then  the  intensity  of  the  apparent  luminosity  of  the  element  in  the 
direction  PO  will  be  given  by  the  expression 

./.,,  =  8.  <^(0./0-),  (4) 

where  4>  is  an  unknown  function,  while  f  andy  are  expressed  by  equa- 
tions (3)  and  (2)  in  terms  of  /.  «.  77.' 

If  the  phenomenon  of  pure  circular  direction  should  arise, 
expression  (4)  would  remain  unchanged,  if  O  goes  in  a  circle  about 
N.  Hence  the  following  relation  must  exist  between  the  functions 
if)  and  /. 

which  is  found  b}'  comparison  of  the  two  values  of  /  [5  •  ^(o)  •  f{i) 
and  5  •  4>{i)  •  /(o)]  for  ri=  180°.  e  =  i.  and  for  77  =  0.  and  €  =  /. 
Expression  (4)  therefore  is  transformed  into: 

The  necessary  and  sufficient  condition  for  pure  circular  difflection 
in  respect  to  the  reflection  function  reads,  the  reflection  junction  f 
must  be  so  constituted  that  the  expression 

is  a  Junction  of  e  alone  for  every  given  i<go°.  but  is  independent  of  rj 
(f  andy  being  expressed  in  terms  of  /,  «,  rj.  by  means  of  equations 
(3)  and  (2)).  (In  this  theorem  the  case  of  i  =  qo°  is  excluded  be- 
cause the  relation  (<j>)o  ■  f{i)  =  4)(i)  -/(o).  which  was  used  in  the 
derivation  of  this  theorem,  resulted  from  the  consideration  that 
for  a  point  of  observation  symmetrically  opposed  to  5  with  respect 
to  N.  only  those  mirrors  are  etTective  whose  normals  are  directed 
toward  N;  but  this  is  not  correct  in  the  case  i  =  go°.  for  then  all 
those  mirrors  send  light  to  the  point  of  observation,  the  normals 
of  which  are  directed  to  points  of  the  vertical  circle  periiendicular 
to  NS.) 

In  our  further  discussion  we  shall  limit  ourselves,  as  is  sufficient 
for  our  negative  proof,  to  the  consideration  of  the  case  that  the 

■  The  formulae  developed  to  this  |x>int  have  already  been  given  hv  von  Seeligcr. 
Their  derivation  is  reproduced  here  for  the  convenience  of  the  reader. 


PHOTOMETRY  OF  DIFFUSE  REFLECTION  303 

point  O  goes  around  .V  on  the  circle  passing  through  S.  whence 
€  =  i.  ^  and  7  will  then  on  account  of  their  dependence  on  the 
azunuth  of  emanation  vary  as  indicated  by  the  following  equation 
in  which  ^  denotes  ]  sin  i  |,  and  instead  of  the  azimuth  of  emanation 

the  new  variable  has  been  introduced,  a=   sin  -  1: 

I         2I 

sin7  =  iu  ,  \ 

K ;i  '    .   N 

.      .        s\V  I— a^  ;    (7) 

Sm^=— t^=!:r,. 

|1     1—S'  •  aA  I 

In  order  that  the  intensity  of  illumination  shall  be  the  same  in  all 
directions  which  have  the  same  inclination  to  the  normal  of  the 
element  as  the  direction  of  the  incident  ray.  the  function  /  must 
have  the  property  that,  when  (7)  is  introduced  in  the  expression  (6), 
a  is  canceled;  hence f{^)f{j)  must  then  become  a  function  of  s  alone. 
This  function,  however,  as  the  consideration  of  the  special  case  a=  i 
(0  sNTTimetrical  to  S)  teaches,  is  nothing  other  than  f(o)f(i).  Since 
we  are  concerned  in  every  reflection  function /(/)  onh-  with  values  of 

the  argument  between  o  and  -.  we  may  regard  each  given  reflection 

function  as  also  a  function  of  sin  ;'.  by  setting/(/)  =  f/  (sin  /').  Our 
condition  therefore  reads  that  the  reflection  function  must  have 
the  property 

/   s\Vl-a^\    \  _  ^^^^^^  ^  ^.^^^  _  ^,^^^  ^  ^g^ 

Vl    1-S^  ■  ay 

and  this  identity  must  be  fulfilled  for  all  values  of  s{o'^s<i)  and 
for  all  values  of  a(o^a^i). 

We  shall  now  seek  for  the  general  solution  of  this  functional 
equation.  If  we  differentiate  (8)  partially,  first  with  respect  to  5 
and  then  with  respect  to  a,  and  if  we  subtract  the  second  equation 

a  .  . 

after  multiplication  by      from  the  first  equation,  we  obtain: 

t^'(9^«)p|;"-"  ^9^]  •  r(5a)  =  r(o)  •  U'is) 
in  which  we  have  temporarily  abbreviated  by  placing 

s\v'l—a'\ 


304  L.  GRABOnSKI 

If  we  introduce  here  for  U(sa)  its  value  from  (8).  and  carr\-  out  the 
differentiation  indicated  in  the  scjuare  brackets,  we  get: 

Uigs.a)  ■   i''(i_j^a^)(i_a^)l      Uii)- 
If  we  ni)W  introduce  a  new  functional  symbol  fi  detined  by 

d\ogU(x)_ 
^         dx        '- 

we  shall  tinalK'  obtain: 


;n(.v) 


n(f''i_J^-)  =  (i-a-)  -  a{s)  (q) 

as  the  condition  which  the  sought-for  function  U  shall  satisfy  for 
all  values  of  s{o^s<  i)  and  all  values  of  a(o^a^i). 

This  equation  has  in  fact  a  solution  for  the  function  fi.'  In 
order  to  find  this  function  we  differentiate  (9)  logarithmically,  once 
partially  with  respect  to  .v.  the  next  time  partially  with  respect  to  a. 
Thus  we  find,  if  we  temporarily  set  log  12  (.v)  =  H'U-).  that  the  func- 
tion 11"  must  satisfy  bol/i  conditions  (wherein  </, ,„  is  the  same 
abbreviation  as  before):    first. 

</-  „ir'(9,,j=iir'(s)  •  (i-5=a^) ; 

and  on  the  other  hand 

W"'(9,.a)  =  ; 
or.  in  general. 


.v(i-.v^) 

where  .v  may  represent  an\  value  whatever  between  o  and  i 
(o^A-<  i).  From  the  last  ec|uation  it  follows  that  Il'l.i)  must 
cfjual 


-'(.r.) 


'  1 1  may  l)c  iiuidiiually  romarkt-il  dial  a  functional  equation  ol  this  sort  docs  not 
necessarily  have  a  solution,  but  on  the  contrary  it  will  generally  not  have  one.  Thus 
equation  (9)  would  be  impossible  if  in  the  right-hand  member  imdcr  the  symbol  iJ 
instead  of  i,  (or  instance  s'.  or  some  other  definite  function  of  ,«  ^mulli|>les  of  j- 
cxceptcd),  should  occur. 
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(C  beint;  an  undetermined  constant);  whereby  the  tirst  cDndition  is 
fulfilled.     The  solution  of  equation  (9)  is  therefore: 

«(.v)  =  — -,- 

l—X^ 


Now  since 


logf/(.v-)=J'-^rf.v 


we  finally  obtain,  as  the  general  solution  of  the  functional  equa- 
tion (8) 

where  A.  n  are  two  undetermined  constants.' 

To  return  now  to  the  reflection  function  /'.  we  must  place 
.T  =  sin  /.  and  we  obtain  as  the  law  of  reflection 

/'(/)  =  .!  sec-"/=/(o)  •  sec-"/.  (10) 

This  law  of  reflection  not  only  disagrees  with  that  of  Fresnel, 
but  it  is  a  priori  impossible,  at  least  if  we  disregard  the  special  case 
«  =  o,  or /(»)  =  constant;  and  if  we  further  demand  that  the  reflec- 
tion function  shall  be  an  increasing  one.  This  last  condition  is  justi- 
fied by  the  consideration  that  the  reflection  function  must  take  the 

'  The  solution  of  the  functional  equation  (8)  can  be  accomplished  in  a  some- 
what shorter  way,  as  Professor  von  Seeliger  kindly  indicated  to  me  in  a  letter  after 
reading  this  paper.  Putting  in  general  U(.\:)  =  F{i—m'),  and  i—6'  =  i(,  i—s'a'  =  v,  (8) 
becomes 

By  logarithmic  differentiation  of  this  equation  with  respect  to  »  and  the  application 
of  the  equation  thus  obtained  to  the  special  case  of  a=i.  that  is,  it  =  v.  it  is  easily 
found  that 

/■"(»)  ^f'(i) 

"/•"(")      F{i)' 
therefore  if  we  place 

F'ii) 

it  follows  that 

/=■(»)  =  .!  •  »-"  ; 

A  and  «  are  arbitrary,  as  will  be  seen  by  introducing  (6)  in  {a).  The  expression  for 
function  C  found  in  the  text  follows  from  (b)  immediately. 
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value  I  for  /=  -,  while,  on  the  other  hand,  it  may  not  be  larger  than 

I  for  any  value  of  i.  If  the  function  (lo)  shall  be  an  increasing  one. 
then  the  constant  n  must  evidently  be  positive.  But  then  with 
increasing  i.  the  right-hand  member  increases  without  limit  and 
must  therefore  with  a  detinite  value  of  i  become  greater  than  i. 
A  mirror  would,  therefore,  with  sufficiently  oblique  incidence  reflect 
more  light  than  it  received;  and  the  intensity  could  be  indefinitely 
increased  by  inclining  the  mirror,  an  obviously  impossible  con- 
ception. 

But  if  we  regard  as  valid  the  law  of  reflection/I  /')  =  constant,  then 
equation  (4)  does  show  that  in  this  case  circular  difilection  can 
occur;  and  as  may  readily  be  seen  by  applying  (4)  with /(j)  =  con- 
stant to  the  motion  of  a  point  0  about  any  circle  around  N.  it  will 
occur  always  and  only  if  the  0(f)  =  constant,  that  is,  if  an  equal  num- 
ber of  normals  to  the  mirror  point  to  each  external  direction  of  space. 
Equation  (5)  further  shows  that  the  circular  difilection  arising  in 
this  case  is  equal  in  all  directions,  and,  moreover,  that  it  is  inde- 
pendent of  the  angle  of  incidence  of  the  radiation  illuminating  the 
element  with  the  normal  to  the  element. 

We  may  therefore  say  in  summarizing:  .Yo  given  law  oj  circular 
diflcctioH  can  be  explained  on  the  hypothesis  of  countless  small 
mirrors,  with  the  exception  of  the  law  of  "diiHection"  7  =  5  •  con- 
stant. This  special  case  requires,  however,  for  such  an  explanation, 
the  assumption  that  the  reflection  at  a  mirror  is  independent  of 
the  angle  of  incidence  with  the  normal  to  the  mirror,  and.  further, 
that  the  surface  of  the  illuminated  element  has  such  a  structure 
that  an  equal  number  of  normals  to  the  mirror  point  to  every 
direction  of  external  space, 
Observatoritm 
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PHOTOGRAPHIC   PHOTOMETRY  WITH   THE   60-INCH 

REFLECTOR   OF   THE   MOUNT   WILSON 

SOLAR  OBSERVATORY' 

By  FREDERICK  H.  SEARES 

I .      INTRODUCTION 

The  following  is  an  account  of  the  methods  used  for  investi- 
gations in  photographic  photometry  with  the  60-inch  reflector  of 
the  Mount  Wilson  Solar  Observatory.  It  includes  a  statement 
of  the  underlying  principles  and  the  processes  used  to  test  their 
reHabihty,  a  description  of  the  procedure  for  the  measurement  and 
reduction  of  the  photographs,  and  a  general  indication  of  the  pre- 
cision of  the  results. 

The  size  of  the  instrument  ti.\es  its  held  of  greatest  usefulness 
among  the  fainter  stars;  the  large  ratio  of  aperture  to  focal  length 
(i  to  5)  and  the  consequently  limited  field  restrict  its  appHcation 
to  isolated  regions  or  to  relatively  small  areas  of  the  sky.  It  is 
possible  to  secure  photometric  results  in  such  abundance  as  to  be 
of  service  for  statistical  investigations,  but  anything  approaching 
a  photometric  survey  would  be  inadvisable. 

One  of  the  most  important  appUcations  of  the  instrument, 
and  that  with  which  this  paper  is  principally  concerned,  is  the 
determination  of  faint  standards  of  magnitude.  This  imposes  the 
condition  that  the  methods  employed  shall  be  such  as  to  provide 
reliable  determinations  of  the  scale.  For  the  faint  stars  modifica- 
tion is  required  according  as  the  exposures  are  moderate  or  long, 
and  the  desirabihty  of  comparing  the  scale  for  the  fainter  objects 
with  that  of  the  bright  stars  leads  to  further  adaptation.  We 
have  thus  to  deal  with  three  classes  of  objects:  bright  stars,  whose 
lower  limit  is  at  the  loth  magnitude;  intermediate  stars,  including 
those  between  magnitudes  10  and  18;  and  faint  stars,  from  the 
i8th  magnitude  to  the  faintest  that  may  be  registered  with  long 
exposure. 

■  Conirihiilioiis  from  thr  Moiiiil  Wilson  Solar  Ohsrrvalory,  Xo.  So. 
307 


3o8  FREDERICK  H.  SEA  RES 

All  the  methods  involve  successive  exposures  upon  the  same 
plate.  For  the  bright  and  intermediate  stars  these  are  of  the  same 
duration,  one  being  made  with  the  full  aperture,  the  other  with  the 
intensity  reduced  by  a  known  amount.  The  comparison  of  the 
images  for  the  full  and  the  reduced  intensities  leads,  in  the  case 
of  the  intermediate  stars,  to  the  relation  connecting  size  of  image 
and  magnitude  which  fixes  the  scale.  For  the  bright  stars  it  gives 
at  once  an  extension  of  a  scale  assumed  to  have  been  previously 
established  for  the  intermediate  group.  For  the  third  class — the 
faint  stars — the  method  involves  again  an  extension  of  a  known 
scale;  but  in  this  case  the  results  are  based  on  an  application  of 
the  law  of  photographic  action. 

2.       THE    METHODS 

(/)  I nlcrmcdiak  stars. — -These  are  observable  with  what  may  be 
regarded  as  a  normal  arrangement  of  the  program.  Neither  the 
intensity  reduction  nor  the  exposure  required  is  extreme.  Errors 
resulting  from  the  use  of  large  reduction  constants  are  thus  avoided, 
and,  at  the  same  time,  the  maximum  exposure,  which  may  be  set 
at  30  or  40  minutes,  is  short  enough  to  insure  reasonable  freedom 
from  atmospheric  disturbances.  As  an  extension  to  either  the 
brighter  or  the  fainter  objects  presupposes  a  knowledge  of  the  scale 
for  the  intermediate  stars,  the  methods  ai)plicable  to  this  class  are 
considered  first. 

If  /  and  /'  represent  the  maximum  and  the  reduced  intensities, 
the  reduction  in  magnitudes  is 

A»/  =  2.s  log -,.  (i) 

Let  /,.  ij,  ;"j  .  .  .  .  denote  the  full  aperture  images  arranged  in 
order  of  decreasing  size;  and,  similarly,  let  /I,  i'j,  /j  ....  be 
the  corresponding  reduced-intensity  images.     The  dififerences 

it—i'„       ii  —  i'i,       ....   in  —  i'n,       ....   ir  —  i'r,        .... 

expressed  in  some  convenient  unit,  correspond  to  the  magnilutle 
interval  Am.  We  now  make  the  important  assumption  that  Sn. 
a  star  Aw  magnitudes  fainter  than  5,,  produces  during  the 
maximum-intensity  exposure  the  same  photographic  effect  as  5, 
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during  the  reduced-intensity  exposure.  By  this  assumption.  /„  = 
/,'.  Similarly,  if  the  star  5,  be  Am  magnitudes  fainter  than 
Sn,  we  have  i,=  C.  In  practice,  the  matter  is  reversed.  If  we 
observe  the  equahties  of  images  indicated,  we  conclude  that  5i 
and  S„,  S„  and  Sr  differ  by  Am  magnitudes.  Let  the  brightness 
of  5i  be  M.  The  magnitudes  of  S„  and  Sr  are  therefore  M+Am 
and  M+2Am.  respectively,  and  we  have  estabUshed  a  scale  for 
the  stars  in  question.  The  scale  thus  derived  is  absolute,  for  the 
relation  between  star-intensity  and  magnitude  is  independent  of 
assumed  magnitudes.  Usually  the  equality  of  images  indicated 
is  not  exact;  but  the  inclusion  of  this  circumstance  and  the  exten- 
sion of  the  scale  to  other  stars  afford  no  difhculty.  Both  are  accom- 
plished by  an  interpolation  process  described  in  a  later  section. 

To  reduce  the  results  to  the  International  System,  they  must 
be  referred  to  the  standard  zero  point.  This  is  defined  by  the 
Harvard  magnitudes  of  stars  of  spectrum  Ao  whose  brightness 
falls  within  5 . 5  and  6.5  of  the  Harvard  scale.  The  reference 
involves,  in  some  form,  a  comparison  of  the  calculated  magni- 
tudes with  others  already  based  on  the  International  System. 
This  may  be  variously  accomplished,  but  the  principles  invoh-ed 
are  so  simple  that  they  require  no  description. 

We  now  consider  the  fundamental  assumption:  if  the  primary 
image  i„  of  a  faint  star  equals  the  secondary  image  I'l  of  a  brighter 
star,  the  two  differ  by  Am  magnitudes.  Aw  being  defined  bj-  equa- 
tion (i),  in  which  /  and  /'  are  the  intensities  active  during  the  pri- 
mary and  secondary  exposures,  respectively. 

As  far  as  photographic  phenomena  are  concerned,  there  appears 
no  reason  for  doubt.  The  assumption  is  that  equal  photographic 
effects  produced  during  equal  exposure  times  must  be  caused  by 
equal  light-intensities.  Disregarding  local  variations  in  sensitive- 
ness, it  is  difficult  to  find  an  objection,  although  a  question  is  per- 
haps raised  by  the  phenomenon  described  below.  The  fact  that 
the  exposure  times  are  equal  avoids  difficulties  which  would  other- 
wise enter. 

There  are,  however,  at  least  two  circumstances  which  may 
invalidate  in  some  degree  the  fundamental  assumption.  One 
arises  from  the  fact  that  most  methods  of  reducing  the  intensity 
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involve  a  change  in  the  aperture  of  the  instrument:  the  other  has 
its  origin  in  atmospheric  disturbances. 

Any  change  in  the  aperture  entails  a  corresponding  modilica- 
tion  in  the  diffraction  pattern  of  the  optical  image.  If  the  aperture 
be  reduced  by  one-half,  the  diffraction  disk  and  its  surrounding 
rings  will  be  doubled  in  diameter;  and  it  is  not  certain  that  equal 
quantities  of  light  distributed  .over  vmequal  difi'raction  images 
produce  the  same  photographic  effect.  Nor,  conversely,  is  it 
possible  to  infer  from  the  equality  of  the  images  /[  and  i„  that  they 
have  been  produced  by  equal  quantities  of  light.  The  question 
is  one  requiring  special  investigation  before  any  method  which 
involves  a  change  in  the  diffraction  pattern  can  be  accepted  as 
unobjectionable.  It  is  discussed  in  the  section  on  the  diffraction 
effect. 

The  relation  of  atmospheric  conditions  to  the  fundamental 
assumption  is  obvious.  Changes  in  transparency'  during  cither 
or  both  of  the  e.xposures  modify  the  relative  size  of  primary  and 
secondary  images.  A  similar  disturbance  ma\'  enter  through 
irregularities  in  seeing.  If  these  be  greater  during  one  exposure 
than  the  other,  systematic  differences  between  the  images  produced 
by  equal  quantities  of  light  will  occur.  Both  factors  vitiate  the 
determination  of  the  scale  by  an  amount  which  may  be  large  or 
small  according  to  circumstances.  The  difficulties  are  inherent 
in  any  method  requiring  successive  exposures,  but  with  a  powerful 
instrument  they  are  minimized  by  the  relatively  short  exposures. 
With  the  6o-inch  reflector,  lo  or  15  minutes  reaches  the  17th 
photographic  magnitude,  and  the  trouble  is  not  serious.  Moreover, 
a  repetition  of  the  exposures  in  the  reverse  order  favors  the  elimina- 
tion of  minor  disturbances,  such  as  those  arising  from  changing 
zenith  distance,  and  affords  a  test  which  reveals  the  presence  of 
irregularities  that  are  excessive. 

Aside  from  the  diffraction  effect  and  the  influence  of  atmospheric 
conditions,  there  is  a  third  source  of  error  which  may  aft'ect  results 
derived  from  successi\\'  exposures.  It  relates  to  a  phenomenon 
noted    by    Pickering."     When    several    exposures    are    impressed 

■  Conlribiil  ions  from  the  Mount  Wilson  Solar  Obscnalory,  Xo.  04,  p.  7;  Aslrophysi- 
ciil  Journal,  36,  374,  1912. 
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on  the  same  plate,  the  first  and  last  being  short  and  equal,  the 
images  of  the  first  are  often  systematically  brighter  than  those 
of  the  last,  the  differences  amounting  on  the  average  to  a  quarter 
of  a  magnitude.  The  cause  is  obscure,  though  apparently  photo- 
graphic in  origin.  Although  measures  at  the  Harvard  Observ- 
atory revealed  the  effect  on  some  of  the  earlier  Mount  Wilson 
photographs,  it  does  not  appear  to  be  appreciable  upon  others 
subsequently  obtained."  Here  again,  a  symmetrical  arrangement 
of  the  exposures  presumably  would  ehminate  the  greater  part  of 
the  error,  and,  in  any  event,  would  serve  as  a  valuable  control. 

Scale  errors  arising  from  the  diffraction  effect  are  constant  for 
any  given  method  of  reducing  the  intensity.  For  wire  gauze  screens 
they  are  zero,  since  the  central  diffraction  disk  is  the  same  with 
as  without  the  screen.  For  the  diaphragms,  they  are  negligible, 
as  will  appear  later.  Errors  caused  by  atmospheric  disturbances, 
changing  zenith  distance,  and  the  photographic  phenomenon  just 
described  are  systematic  for  a  plate.  The  use  of  short  exposures, 
symmetrically  arranged,  reduces  them  to  a  minimum.  As  some 
duplication  of  plates  is  necessary,  they  tend,  in  the  final  result,  to 
become  accidental. 

b)  Faint  stars. — Atmospheric  disturbances  set  a  hmit  to  the 
exposure  times  that  may  be  used  when  successive  exposures  are 
employed.  The  limit  depends  upon  the  character  of  the  night. 
Fifteen  or  twenty  minutes  may  be  used  upon  any  night  suitable 
for  photometric  work.  Little  difficulty  has  been  experienced  in 
prolonging  the  exposures  to  forty  minutes,  and  upon  good  nights 
they  may  be  extended  to  an  hour.  But  even  the  maximum  limit 
excludes  the  possibility  of  extending  the  scale  to  the  faintest  stars. 
To  meet  this  difficulty  the  method  now  to  be  described  is  available. 

A  knowledge  of  the  scale  for  the  intermediate  stars  in  the  same 
region  is  presupposed.  To  extend  this  to  fainter  objects,  plates 
of  long  exposure,  preceded  or  followed  by  a  single  short  exposure, 
both  with  the  full  aperture,  are  used.  The  method  involves  a 
change  in  the  energy  acting  on  the  plate  by  a  variation  in  the  expo- 
sure instead  of  the  intensity.     The  change  is  known,  but  cannot 

^  Contributions  from  the  Mount  Wilson  Solar  Observatory,  Xo.  64,  p.  12;  Astro- 
physical  Journal,  36,  379,  1912. 
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easily  be  utilized  on  account  of  the  complexity  of  photographic 
action  with  different  exposures.  The  reduction  constant,  therefore, 
enters  as  an  unknown  whose  value  is  to  be  determined  from  the 
stars  of  known  brightness.  But  the  question  arises  whether,  for 
these  conditions,  the  constant  has  a  specified  value.  In  order 
that  such  may  be  the  case,  the  magnitude  difference  in  the  photo- 
graphic effects  produced  by  the  light  energies  //  and  //'  must  be 
constant,  /  and  l'  being  the  exposure  times. 
This  impUes  that 

\m=J{It')-fm  (2) 

is  independent  of  I.  Let  /'  be  an  intensity  such  that  during  the 
second  exposure  it  produces  a  photographic  effect  equal  to  that 
produced  by  /  during  the  first.     Then 

f{it)=j{rt'), 

and  bv  (2) 

\m=J{It')-{{ri') 
whence 

Aw  =  2. 5  log  J  .  (3) 

Hence,  the  constancy  of  A»!  also  implies  that  the  ratio  of  intensities 
{producing  the  same  effects  in  the  two  exposures  shall  be  independent 
of  the  intensity. 

The  condition  for  constant  photographic  effect  is' 

//  •  10°  =  const.  (4) 

in  which 


From  (4) 


(5) 


in  which  a  refers  to  the  second  exposure.  The  form  of  (5)  is  such 
that  the  ratio  /'//  cannot  be  expressed  independently  of  /.  Con- 
secjuently  Aw  is  not  constant,  but  has  the  form 

Aw  =  2. 5  (log  ^,+u-»') . 
■  V icrUljahrsschrift  dcr  Astroiwmisclien  Gcscllschafl,  48,  i;o,  1913. 
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If,  however,  /  and  /'  are  small  as  compared  with  /„,  we  may 
write,  taking  the  negative  sign  of  the  radical  in  order  that  a  — a 
may  be  negative  (a  is  assumed  to  be  positive), 


whence 


u  =  a  log       ,     It  =(Z  log 


'        1        ^ 
<t— <l  =(J  log     , 


For  this  case,  the  condition  for  constant  photographic  effect  (4) 
reduces  to 

//■+"  =  ;/?  =  const.  (6) 

and 

Aw  =  ^^^log^, .  (7) 

For  small  \alues  of  /  and  /',  the  correction  to  (7)  is  approximately 


+ 


^^  '^g  /„  ^°g  /„ 


and  decreases  as  /  and  /'  approach  zero.  Aw  therefore  decreases 
as  fainter  and  fainter  stars  are  considered  and  approaches  (7)  as  a 
limit. 

Xow  let 

....    j'o,  ii,  i: in,  in+l    .    .    .    .    ir 

....  i'o,  i[,  i', i'„ 

represent  the  j)rimary  and  secondary  series  of  images  arranged  in 
the  order  of  decreasing  brightness,  those  with  the  same  subscript 
being  of  the  same  star.  The  problem  is  to  hnd  the  magnitudes 
for  the  faint  images  f„+,  .  .  .  i,.  For  simplicity,  .suppose  that, 
when  written  in  the  form, 


?„_,,  i„,     '    /„+, 
i'o,      i'l,      I     ?' 


the  images  in  the  same  vertical  line  are  of  the  same  size.  The 
magnitude  difference  of  an>-  pair  of  images  thus  aligned  is,  by  (3), 
Aw.  The  absolute  magnitudes  of  the  stars  0  to  n  are  assumed  to 
be  known.     Denoting  them  by  iii  with  corresponding  subscripts, 
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we  obtain  from  the  pairs  to  the  left  of  the  vertical  line  in  above 
arrangement 

....  Aw„=w„_i  — w„,     Aw,  =  ;Hb  — ;h,  .  (8) 

For  the  faint  stars  with  which  we  are  concerned.  (7)  is  approxi- 
mately satisfied;  the  change  in  Am  is  slow  and  nearly  linear,  and 
it  is  possible  to  extrapolate  for  the  intensities  j'„+,  ....  7,  with 
some  precision.  To  find  the  magnitudes  for  stars  n-\-i  to  r.  we 
have  only  to  add  the  extrapolated  values  of  \m  to  the  magnitudes 
of  stars  2  to  n.  The  method  is  more  precise  than  an  extrapolation 
of  the  relation  between  scale  reading  and  magnitude  for  the  change 
in  m  as  5  increases  is  much  less  regular  than  the  variation  of  A>«. 

Since  the  error  in  (7)  is  proportional  to  the  reduction  constant 
A)H,  the  scale  extension  should  not  be  too  great.  The  shorter  the 
interval  the  greater  will  be  the  reliability;  but  if  too  greatly 
restricted,  the  attainment  of  the  lowest  limit  will  become  laborious. 
Two  magnitudes,  corresponding  to  a  ratio  of  about  10  to  i  in  the 
exposure  times,  is  a  satisfactory  value. 

c)  Bright  stars. — 'It  is  not  often  necessary  to  use  a  powerful 
instrument  for  the  determination  of  the  magnitudes  of  bright  stars. 
But  for  the  connection  of  intermediate  stars  with  the  brighter 
objects  it  is  desirable  that  a  method  for  an  upward  extension  of  the 
scale  should  be  available.  Modification  of  that  described  above 
is  necessary,  since  the  images  of  bright  stars  are  unmeasurable 
even  with  very  short  exposures.  Further  difficulty  is  introduced 
by  the  fact  that  the  field  of  the  reflector  limits  the  number  of  bright 
objects  that  may  be  photographed  with  a  single  e.xposure.  The 
required  modifications  are  described  in  '"The  Photographic  Mag- 
nitude Scale  of  the  North  Polar  Sequence."'  The  method  is  most 
conveniently  applied  when  the  scale  has  already  been  established 
for  an  adjacent  group  of  intermediate  stars.  .\n  exposure  is  made 
upon  the  bright  stars  \vith  an  intensity  reduction  sufficient  to  pro- 
duce images  of  an  apparent  brightness  faUing  within  the  region  of 
known  magnitudes.  A  second  exposure,  with  the  lull  aperture, 
is  then  made  upon  the  intermediate  stars,  and  finally,  the  first 
exposure  is  repeated.     The  subtraction  of  the  reduction  constant 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  Xo.  70;  Astrophysieal 
Journal,  38,  241,  1913. 
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from  the  apparent  magnitudes  of  the  bright  stars,  found  by  compari- 
son with  the  fainter  objects,  gives  the  required  result.  Although 
the  exposures  are  short  (two  minutes)  the  method  is  tedious  on 
account  of  the  small  field  of  view;  but  it  has  been  fovmd  useful 
in  establishing  the  scale  over  a  long  interval,  and  has  the  advantage 
of  giving  results  that  are  homogeneous  with  the  adopted  scale  for 
the  intermediate  stars. 

It  will  be  seen  that  some  of  the  difficulties  encountered  atifect 
all  methods  involving  successive  exposures.  Although  these  can 
be  avoided  in  part  by  a  proper  arrangement  of  the  observations, 
there  remains  the  objection  that  such  methods  are  wasteful  of  time. 
Were  it  possible  to  secure  the  full  and  reduced  intensit}-  exposures 
simultaneously,  the  obserxdng  time  could  be  reduced  by  one-half. 
Such  a  possibility  is  afforded  by  the  method  of  prismatic  com- 
panions, proposed  and  used  by  Pickering.'  A  trial  has  not  been 
possible,  owing  to  the  lack  of  a  suitable  prism,  which,  with  the 
reflector,  would  have  a  minimum  diameter  of  14  inches.  It  is 
desirable,  however,  that  the  method  be  employed,  both  as  a  control 
upon  processes  now  in  use  and  because  of  the  saving  in  time.  Its 
usefulness  for  the  determination  of  very  faint  magnitudes  is  obvious. 

Another  method  with  important  advantages,  especially  in  the 
elimination  of  atmospheric  disturbances,  involves  the  use  of  a 
screen  covering  one-half  of  the  plate. ^  Since  there  is  no  known 
absorbing  substance  which  is  neutral  in  tint,  wire  gauze  a  little 
in  front  of  the  plate  is  employed.^  The  method  cannot,  how'ever, 
be  used  advantageously  with  the  reflector.  With  a  grating  cover- 
ing one-half  the  plate,  and  at  such  a  distance  as  to  separate  the 
central  image  from  the  spectra,  the  penumbral  region  is  so  large  as 
to  include  a  considerable  fraction  of  the  area  of  good  definition. 

3.   MEANS  USED  FOR  REDUCING  THE  INTENSITY 

The  clear  aperture  of  the  mirror  is  59.5  inches  (151 .  i  cm),  but 
the  entire  area  is  not  available  on  account  of  the  Newtonian  flat 
and  its  mounting.     In  order  that  the  boundary  of  the  shadow 

■  Harvard  Circular,  Xos.  150,  170. 

'  Kapteyn,  Plan  of  Selected  Areas,  p.  27,  1906. 

J  Schwarzschild,  Astroiiomhche  Sachriclilen,  183.  297,  1910. 
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may  be  regular,  a  central  stop  23  inches  (58.4  cm)  in  diameter  is 
placed  over  the  end  of  the  tube.  The  free  area  is  therefore  an 
annulus  with  diameters  of  59.5  and  23.0  inches. 

The  means  used  for  the  reduction  of  the  intensity  are  mainly 
circular  diaphragms  and  wire  gauze  screens.  Trial  plates  were 
also  made  with  a  sector-shaped  diaphragm  having  four  15°  open- 
ings, with  a  screen  of  wire  gauze  placed  in  the  cone  of  rays  30  cm 
from  the  focus,  and  with  a  60°  rotating  sector  mounted  close  to 
the  plate.  The  sector  diaphragm  was  used  in  studying  the  diffrac- 
tion effect  because  of  its  radically  different  pattern  as  compared 
with  circular  apertures.  The  rotating  sector  was  intended  to 
aft'ord  further  control  of  the  diffraction  effect,  as  the  momentary 
and  very  minute  disturbance  of  the  full-aperture  pattern  by  the 
edges  of  the  sector  is  negligible.  But  the  intermittent  exposure 
introduces  doubt.  Schwarzschild'  has  shown  that  the  cumulative 
photographic  effect  of  a  series  of  exposures  is  not  the  same  as  that 
produced  by  a  single  equivalent  exposure.  The  question,  however, 
is  this:  Is  the  photographic  effect  of  n  exposures  of  duration  kt/n 
to  an  intensity  /  the  same  as  that  produced  by  a  single  exposure 
/  to  an  intensity  kl  ?  If  so,  the  reduction  produced  by  the  sector 
is  equal  to  the  ratio  of  the  sum  of  the  intermittent  exposures  to  the 
total  exposure,  and  this  in  turn  to  the  angular  aperture  of  the  sector 
divided  by  360°.  A  law  strictly  analogous  to  that  of  Talbot  for 
visual  observations  would  then  hold.  The  question  has  been 
investigated  by  Weber  at  Munich,  who  finds  that  apparently 
such  a  law  does  hold,  at  least  within  certain  limits. 

Three  scales  thus  established  are  in  agreement  with  those  found 
with  the  diaphragms.  Wc  may  interpret  the  results  in  two  ways: 
we  may  assume  the  validity  of  Talbot's  law  and  conclude  that  the 
diffraction  effect  (sensibh'  zero  for  the  rotating  sector)  is  negligible 
for  the  diaphragms;  or  we  may  regard  the  negligibility  of  the 
diffraction  effect  as  established  by  independent  methods,  and 
consider  the  results  a  conlirmalion  of  Talbot's  law  in  its  special 
application. 

Table  I  gives  a  list  of  liie  various  devices  used  for  reducing  the 

'  Pliologr,it>lihelu-  KorrfspoiiJni:.  36,    171,   1899;    Aslropliysioil  Joiinidl,  11,  9.', 

IQIO. 


PHOTOMETRV  WITH  THE  6o-I\CH  REFLECTOR 


317 


intensity.     Owing  to  the  23-inch  central  stop,  which  is  alwajs  in 

position  during  photometric  observations,  the  aperture  with  the 

40-  and  32-inch  diaphragms  are  annuli,  as  is  the  case  with  the  full 

aperture. 

TABLE  I 

List  of  Diaphkagus,  Screens,  etc. 


Designa- 
tion 

Description 

Reduction 
Constant 

40 

3^ 

14 

9 

8 

6 

40-inch  circular  diaphragm 

Magnitudes 
1 .  12 
1.96 
2.97 

3  93 
4. 16 
4.81 

14-inch  circular  diaphragm 

g-inch  circular  diaphragm 

8-inch  circular  diaphragm 

G 

G, 

G'  :... 

G" 

« 

s 

RS 

60-inch  single  thickness  wire  gauze  screen 

60-inch  double  thickness  wire  gauze  screen 

14-inch  single  thickness  wire  gauze  screen 

14-inch  single  thickness  wire  gauze  screen 

Small  wire  gauze  screen  30  cm  in  front  of  plate. . 
60°  sector  diaphragm,  60  inches  in  diameter  .... 
60°  rotating  sector  mounted  in  front  of  plate  .  . 

3.06 
6.12 
3.10 
3.08 
3.06 
1-95 
I   95 

The  reduction  constants  in  the  last  column  were  calculated  for 
the  diaphragms  from  their  areas  relative  to  that  of  the  full  aperture. 
The  methods  used  for  determining  the  absorption  of  the  screens 
are  described  in  the  following  section.  The  6-,  9-,  and  14-inch 
diaphragms  are  necessarily  placed  to  one  side  of  the  central  stop. 
They  are  shifted  from  quadrant  to  quadrant  between  the  exposures 
in  order  that  different  parts  of  the  mirror  may  be  used.  The 
threads  of  the  two  thicknesses  of  G^  make  an  angle  of  45°  with  each 
other.  G'  and  G"  are  small  screens  used,  either  singly  or  together, 
with  the  14-,  9-,  and  6-inch  diaphragms.  The  resulting  reduction 
constants  are  approximately  6,  7,  and  8  mags.,  or  9,  10,  and  11 
mags.,  according  as  one  or  both  of  the  screens  are  employed.  The 
corresponding  designations  are  14+G",  14+G",  etc.  Other  com- 
binations are  also  possible,  for  example,  40+ (r,  32+^,  etc.,  which 
have  approximately  the  same  reduction  constants  as  the  9-  and 
6-inch  diaphragms.  The  possibility  of  obtaining  the  same  constant 
by  quite  different  means  affords  a  control  which  has  been  useful 
in  investigating  the  diffraction  effect  and  is  of  importance  in  actual 
observations. 
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4.      ABSORPTION-   CONSTANTS   OF   THE    SCREENS 

The  screens  are  of  bronze  wire  0.2  mm  in  diameter,  and  have 
openings  0.16X0. 28  mm.  Although  the  material  was  the  most 
uniform  that  could  be  found  in  the  market,  it  was  clear  that  some- 
thing more  than  mere  calculation  would  be  required  for  the  deter- 
mination of  the  absorption.  A  laboratory  investigation  was 
accordingly  undertaken  with  the  results  summarized  below.  As 
the  large  screens  G  and  G^  were  in  use  on  Mount  Wilson,  the  investi- 
gation was  based  upon  a  number  of  pieces  of  the  material  from 
which  they  were  made. 

Ten  of  these,  I,  II,  ...  .  X,  averaging  55X65  mm,  came 
from  the  edges  of  the  original  strip.  Three  others,  about  50  cm 
in  diameter;  were  cut  from  the  centers  of  the  large  screens  in  order 
that  they  might  clear  the  mounting  of  the  Newtonian  flat  when 
attached  to  the  end  of  the  tube.  In  each  of  these,  three  areas, 
A,  B,  C;  D,  E,  F;  G,  H,  I,  each  12.5  cm  in  diameter,  were  investi- 
gated. The  first  two  groups  relate  to  the  14-inch  screens  G'  and 
G" ,  which  were  subsequently  constructed  from  two  of  the  central 
pieces.  Finally,  J,  a  12.5-cm  area  from  the  edge,  was  added, 
making  20  in  all  that  were  examined. 

A  screen  of  wire  gauze  acts  as  a  pair  of  crossed  gratings.  When 
placed  in  front  of  an  objective,  the  transmitted  light  is  distributed 
over  a  complicated  diffraction  pattern,  consisting  of  a  central 
diffraction  disk  and  a  large  number  of  spectra.  For  light  emitted 
by  a  point  source,  the  details  of  this  pattern  are  visible.  If  the 
source  be  a  luminous  surface,  the  image  is  the  resultant  of  an 
infinite  number  of  overlapping  patterns  of  the  type  described — ■ 
a  luminous  surface  also,  but  less  intense  than  the  source.  The 
former  case  corresponds  to  the  conditions  of  observation,  but  the 
latter  can  also  be  utilized  for  the  determination  of  the  absorption. 

Expressed  in  magnitudes,  the  theoretical  absorption  for  surfaces 
is 

.1,= -2.5  log /)/),,  (9) 

and  for  point  sources 

.lp=-2.5log/)'/>.'=2.1,,  uo) 
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in  which  p  and  pi  are  the  transmission  coefficients  of  the  crossed 
gratings.     In  other  words, 

b  b, 

in  which  a  and  a,  are  the  grating  constants,  and  h  and  bi  the  spaces. 
Equation  (9)  is  rigorous,  but  (10)  refers  to  ideal  conditions  not 
realized  in  practice.  .4^  is  more  easily  measured  in  the  laboratory 
than  A  p.  Were  it  not  for  the  approximation  of  (10),  Ap  could 
be  found  by  doubling  the  observed  value  of  As.  The  deviations 
of  observed  values  oi  Ap  from  those  calculated  by  (10)  have  been 
investigated  by  du  Bois  and  Rubens;'  but  their  results  are  not 
immediately  applicable.  It  was  therefore  decided  to  measure  both 
.4s  and  Ap,  as  the  deviation  of  the  observed  values  from 

Ap=2As, 

compared  with  an  extrapolation  of  the  results  of  du  Bois  and 
Rubens,  would  afford  an  excellent  control  upon  systematic  errors. 

The  surface  absorption  of  pieces  I  to  X  was  measured  with  a 
Lummer-Brodhun  photometer.  The  point  absorption  was  deter- 
mined for  all  the  pieces  with  an  apparatus  presently  to  be  described. 
As  a  further  control,  the  values  of  As  for  pieces  I  and  V  were  cal- 
culated by  (9)  and  (11)  from  micrometric  measures  of  the  constants 
and  spaces. 

The  photometer  results  for  As  are  in  Table  II,  the  weighted 
means  being  given  in  the  last  line.  To  guard  against  systematic 
errors,  different  arrangements  of  the  bench  were  used.  Series  5 
and  6  were  with  a  bench-length  of  1084  mm;  Series  8  with  2030  mm. 
The  respective  means  of  the  10  pieces  for  the  two  sets  of  conditions 
were  1.506  and  1.497  mags.  Other  variations  in  the  conditions 
were  also  introduced  without,  however,  any  sensible  variation  in 
the  results. 

The  bench  photometer  was  also  used  to  determine  the  values 
of  .4  s  for  two  thicknesses  of  the  wire  gauze  (threads  at  45°).  The 
results  are  in  Table  III.     The  calculated  values  in  the  third  column 

■  Aiiiwlcn  der  Physik,  49,  593,  1S93. 
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were  obtained  by  adding  the  means  for  I  and  II,  III  and  I\'.  etc., 
in  Table  II. 

TABLE  H 
V.\LUES  OF  As  Determined  with  the  Lummer-Brodhun  Photometer 


Series 

I 

II 

III 

IV 

V 

VI 

VII 

vin 

DC 

X 

1.518 
1.526 
1 .340 
1S15 
1.527 
1.522 
1.528 
I  532 

1.458 

1-394 
1.428 
1.482 
1-463 

1 

1-59' 
1.562 

1. 518 
1.512 

I  393 
1.404 

1-572 
1 .562 

1.518 
1 .526 

1.500 
1.468 

I   527     T   a8-> 

6 

7 

8 

1.526 

1-463 

1.422 

1-564 

1-530 

1-374 

I  559 

1-537 

1.460 

1.526 

1-465 

Means. . . . 

1-527 

1. 441 

I-S72 

1 .520 

I  390 

I  564 

1-527 

1.476 

1-526 

1.470 

The  values  of  /I,  calculated  from  the  micrometric  measures 
were  i  .518  (I)  and  i  .420  (V)  mags.  The  observed  values  for  the 
same  pieces  were  i .  527  and  i  .390  mags. 

TABLE  III 
A,  FOR  Double  Thickness  of  Wire  Gauze 


Pieces 

A, 

0  C 

Observed 

Calculated 

I  and  11    

Mags. 

2.987 

3-°50 

3.000 

2.987 

3.000 

Mags. 
2.968 
3.092 

2  954 

3  003 
2.996 

Mags. 

Ill  and  IV                           

V  and  VI                             

VII  and  VIII        

Means 

3  005 

3  003 

+0.002 

The  internal  agreement  of  the  results  for  a  single  piece  is  satis- 
factory, but  the  deviations  in  the  means  for  the  different  pieces 
are  large.  It  is  evident,  however,  that  these  are  the  result  of  irregu- 
larities in  the  mesh  of  the  screen.  That  they  show  so  clearly  is 
due  to  the  size  of  the  areas  measured,  which  were  limited  by  the 
construction  of  the  photometer  to  a  diameter  of  about  20  mm. 

The  arrangement  used  for  measuring  the  absorption  for  point 
sources  is  shown  in  Kig.  i .     /-,,  and  L^  are  lamps  fed  from  the  same 
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circuit;  D^  and  D^  are  small  diaphragms  placed  at  the  principal 
foci  of  the  objectives  O^  and  O2,  whose  apertures  and  focal  lengths 
are  12.5  and  396  cm,  respectively;  C  is  a  Lummer-Brodhun  cube; 
E,  an  eyepiece;  and  Si  and  ^2,  diffusing  surfaces.  The  screen 
to  be  investigated  is  placed  in  the  parallel  beam  at  5.  The  dimen- 
sions are  such  that  the  central  diffraction  image  of  Z),  formed  upon 
Z>2  is  a  surface  of  appreciable  diameter,  but  entirely  free  from  the 
spectra.  Light  from  the  latter  is  obstructed  by  the  diaphragm 
Di,  so  that  the  central  spot  of  the  cube  is  illuminated  only  by  light 
from  the  diffraction  disk.  The  outer  area  of  the  cube  is  filled  with 
light  from  L2,  whose  distance  d  from  the  diffusing  surface  Sj  may 
be  varied  until  the  field  of  E  is  of  uniform  intensit}'.  Comparison 
of  the  positions  of  L2  for  uniform  illumination  with  and  without 
the  screen  5,  and  the  application  of  the  inverse  square  law  lead  at 
once  to  the  value  of  A «. 


Q 


O 


Fig.  I. — Arrangement  for  measurement  of  absorption  of  wire  gauze  screen  for 
point  sources. 

The  results  obtained  are  in  Table  IV.  For  comparison,  the 
values  of  2As  obtained  by  doubling  the  means  in  Table  II  are  given 
in  the  fourth  column. 

The  difference  of  0.033  riiag.  between  the  means  of  Ap  and  2.4s 
for  I  to  X  is  in  the  direction  and  of  the  order  required  by  the  results 
of  du  Bois  and  Rubens.  The  difference  between  the  mean  Ap  for 
I  to  X  and  that  for  A  to  J  suggests  a  systematic  difference  between 
the  edges  and  the  middle  of  the  strip  from  which  the  screens  were 
constructed.  The  mean  of  the  two  results,  namely  3.06  mags., 
was  adopted  for  the  60-inch  screen  G.  and  twice  this,  6.12  mags., 
for  G2.     For  G'  we  have  the  mean  of  A  to  C.  3.10  mags.;    and 
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for  G".  that  of  D  to  F,  namely  3.0S  mags.     These  are  the  values 
given  in  the  last  column  of  Table  I  along  with  the  other  reduction 

T.ABLE  IV 
.Absorption  for  Point  Sources 


Piece 

Ap 

2Xj 
FROU 

Table  II 

Piece 

*P 

Series  I 

Series  2 

Series  3 

Series  4 

I 

II 

III. 

IV 

V 

VI 

VII 

VIII 

IX 

Mags. 

3114 

2952 

3.096 

2.999 

2.960 

3.206 

3131 
2.976 
3.096 
2.922 

Mags. 

3.108 

2.906 

3.060 

2.988 

2.916 

3  i8i 

3   134 

3.002 

3  074 

2-933 

Mags. 

3045* 

2.882 

3-144 

3.040 

2.810* 

3.128 

3-054 

2-952 

3  052 
2.940 

A 
B 
C 

D 
E 
F 
G 
H 
I 
J 

Mags. 
3.106 
3-104 
3. 121 
3. 121 
3  083 
3-086 
3  039 
3.100 
2.961 
3.086 

Mags. 
3.082 
3.096 
3.101 
3.102 
3  052 
3.060 
3  074 
3   104 

X 

Means 

3  045 
3- 

3  03° 
338 

3-005 

3  081 
3 

3  077 
079 

*  Mean  of  photometric  and  micrometric  measures- 

constants.     The  results  for  As  serve  only  as  a  control  and  do  not 
enter  into  the  adopted  constants. 


5.      .ARR.-\XGEMEN'T   OF   OBSERVATIONS 

Photometric  observations  are  made  only  during  nights  of  uni- 
form transparency  and  at  least  reasonably  good  steadiness.  Bad 
seeing  is  not  necessarily  dangerous,  unless  irregular,  although  it 
increases  the  difficulty  of  measurement  and  prevents  the  regis- 
tration of  faint  stars.  Observations  arc  discontinued  when  the 
seeing  drops  below  2  on  a  scale  of  to. 

The  diaphragms  and  screens,  with  the  exception  previously 
noted,  are  attached  to  the  enci  of  the  telescope.  The  practice  of 
a  symmetrical  arrangement  of  the  exposures  is  uniformly  followed 
for  reasons  already  described.  For  stars  of  intermediate  bright- 
ness, the  means  commonly  used  for  reducing  the  intensity  are 
diaphragms  of  32  and  14  inches,  and  the  single-thickness  screen  (/. 
The  constant  for  the  32-inch  diaphragm  is  approximately  two 
magnitudes;    that  of  the  smaller  diaphragm  and  the  screen,  three 
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magnitudes.  For  regular  determinations  of  the  scale,  larger  reduc- 
tion constants  are  not  practicable  on  account  of  the  impossibility 
of  properly  establishing  the  relation  between  scale  reading  and 
magnitude.  On  the  other  hand,  with  reduction  constants  less  than 
two  magnitudes  the  scale  is  more  seriously  affected  by  errors  in 
the  constants.  All  things  considered,  a  value  of  two  magnitudes 
is  a  satisfactory  compromise,  though,  as  a  control,  it  is  important 
to  include  observations  with  other  constants  as  well. 

The  order  of  the  exposures  is  60,  32,  32,  60;  60,  14,  14,  60; 
or  60,  G,  6,  60.  Usually  the  inverse  series  is  made  upon  the  same 
plate  as  the  direct,  but  occasionally,  in  the  case  of  rich  regions,  a 
fresh  plate  is  taken.  A  second  plate  is  also  used  when  the  indi- 
vidual exposures  exceed  half  an  hour.  In  this  case  the  photometric 
exposures  on  each  plate  are  preceded  and  followed  by  short  expo- 
sures of  one  or  two  minutes.  The  equality  of  the  latter  affords  a 
partial  test  of  the  constancy  of  the  atmospheric  conditions.  When 
the  exposures  are  short,  sLx  or  eight  are  often  made  on  the  same 
plate,  thus:  60,  32,  14,  14,  32,  60;  60,  G,  32,  9,  9,  32,  G,  60;  and 
other  similar  combinations.  The  9-inch  diaphragm  included  in  the 
last  arrangement  is  frequently  useful  in  reaching  stars  near  the 
upper  limit  of  brightness,  the  main  scale  determination,  however, 
being  based  upon  the  other  secondary  exposures. 

For  faint  stars  the  arrangement,  as  already  indicated,  is  very 
simple.  It  includes  two  exposures  with  the  full  aperture,  one  as 
long  as  necessary  to  reach  the  desired  limiting  magnitude,  and  the 
other  short.  The  ratio  of  the  exposure  times  may  be  taken  as  10 
to  I.  It  is  desirable  to  have  the  shorter  of  sutffcient  length  to 
register  the  faintest  intermediate  stars  of  known  magnitude.  On 
the  other  hand,  the  principal  exposure  should  be  such  that  the  scale 
extension  will  not  exceed  two  magnitudes. 

To  coimect  a  very  bright  star  with  the  known  magnitudes  of 
intermediate  stars,  greater  reductions  in  intensity  are  required  than 
can  ordinarily  be  used.  Combinations  of  diaphragms  by  means 
of  which  this  may  be  accomplished  are  indicated  in  Section  3. 
The  important  point  is  that  the  reduced  intensity  of  the  bright 
star  produce  an  image  comparable  in  size  with  the  full-aperture 
images    of    stars    of    known    brightness.     The    determination    is 


324  FREDERICK  H.  SEA  RES 

strengthened  by  using  combinations  of  diaphragms  and  screens 
having  different  reduction  constants.  For  a  fifth-magnitude  star 
the  following  would  be  a  convenient  arrangement: 

Bright  star:  G,,  g+G',  6+G',    j 

Intermediate  stars:  60,  60,         •  Exposure  time,  2" 

Bright  star:  6+G',  g+G',  G,.    ) 

Since  the  approximate  reduction  constants  are,  respectively. 
6.  7,  and  8  mags.,  the  apparent  brightness  of  the  reduced  intensity 
images  will  be  in  the  neighborhood  of  11,  12,  and  13  mags.,  which 
fall  well  within  the  Umits  of  brightness  of  the  intermediate  stars 
whose  magnitudes  are  assumed  to  be  known.  The  advantage  of 
such  a  program  lies  in  the  possibility  of  using  very  different  means 
for  the  reduction  of  the  intensity,  and  in  the  fact  that  the  calculated 
magnitude  is  made  to  depend  upon  different  parts  of  the  adopted 
scale  for  the  intermediate  stars. 

The  shifting  of  the  plate  between  exposures  is  accomplished 
by  a  screw  with  a  graduated  head,  which  may  be  moved  ^vithout 
changing  the  relative  position  of  the  guiding  microscope  and  the 
guiding  star.  One  revolution  displaces  the  plate  by  i  mm. 
which  is  the  shift  usually  employed.  Except  in  the  case  of  bright 
objects,  the  position  of  the  telescope  with  respect  to  the  stars 
remains  unchanged.  The  distance  of  a  given  star  from  the  axis 
of  the  mirror  is  therefore  the  same  for  all  exposures,  which  simplifies 
the  correction  for  distance. 

The  range  of  adjustment  for  the  guiding  microscope  is  such  that 
with  reduction  constants  of  three  magnitudes  or  less  there  is  rarely 
any  difficulty  in  finding  a  star  bright  enough  for  guiding.  Larger 
constants  are  used  only  with  very  short  exposures  of  two  or  three 
minutes,  and  if  a  bright  star  be  not  available,  the  driving  of  the 
clock  is  usually  of  sufficient  uniformity. 

The  plates  used  are  Seed's  ''Gilt  Edge,  Xo.  27."  The  develop- 
ment is  with  Rodinal,  i  to  25,  usually  for  10  minutes  at  20°  C.  To 
secure  uniformity  and  save  time,  a  tank  is  used,  12  plates  being 
developed  at  a  time. 

It  is  of  ct)urse  i)b\iuus  tliat  willi  an  appropriate  plate  and  filter 
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the  methods  described  may  be  employed  for  the  derivation  of 
magnitudes  on  the  visual  scale  (photovisual  magnitudes). 

6.       MEASUREMENT    OF    THE    PLATES 

The  images  are  measured  with  a  scale  placed  in  the  common 
focus  of  the  ocular  and  objective  of  a  low  power  microscope.  The 
plate  itself  is  mounted  upon  a  movable  stage  which  can  be  shifted 
to  bring  any  given  image  to  the  center  of  the  field.  The  scale 
was  made  b}'  exposing  a  plate  successively  to  the  same  star,  the 
exposure  times  forming  a  geometrical  progression  whose  ratio  was 
4/3.  The  images  are  numbered  from  o  to  18  in  the  order  of 
decreasing  size.  For  the  law  of  photographic  action  expressed  by 
equation  (6)  the  magnitude  difference  of  two  successive  images  is 

2.5,     4    0.30  ,    , 

Aw=      -log~  =  — ^2_,  (12) 

q      i      q 

Since  A;«  depends  only  upon  the  ratio  of  the  exposure  times  and 
the  quantity  g.  which  never  differs  greatly  from  unity,  the  relation 
between  scale  reading  and  magnitude  is  nearly  linear,  with  one 
interval  corresponding  to  about  o .  30  mag. 

The  measures  are  made  by  bringing  a  star  to  the  center  of  the 
field  and  shifting  the  scale  until  the  images  nearest  in  size  stand  on 
opposite  sides  of  the  star.  The  reading  is  the  number  of  the  larger 
image  plus  the  tenths  of  a  scale  interval  corresponding  to  the 
difference  in  size  of  the  star  and  the  larger  image.  A  single  esti- 
mate constitutes  an  observation,  but  all  plates  are  measured  twice, 
usually  by  different  observers.  For  the  faintest  images,  which 
show  little  or  no  difference  in  diameter,  the  photographic  density 
is  the  determining  factor  in  the  estimate.  It  is  a  peculiar  advan- 
tage of  the  method  that  objects  at  the  limit  of  visibility  can  be 
utilized,  which  is  impossible  when  the  images  are  measured  micro- 
metrically;  further,  the  effects  of  poor  seeing  seem  to  be  less 
disturbing  than  with  the  raicrometric  method. 

The  stars  are  identified  by  means  of  an  enlarged  chart  of  the 
field.  In  the  case  of  rich  fields,  omissions  and  confusion  are  avoided 
by  subdividing  the  chart  into  small  areas  by  concentric  circles  and 
lines  radiating  from  the  center. 
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Owing  to  the  large  and  irregular  correction  for  distance  from  the 
axis  of  the  mirror,  full  aperture  images  at  distances  exceeding 
25  mm  (11. '3)  are  not  measured.  The  distances  themselves  are 
expressed  in  units  and  tenths  of  a  5-mm  interval,  and  are  read 
either  from  the  identification  chart  or  directly  from  the  plate  by 
means  of  a  translucent  scale  of  concentric  circles. 

7.       THE    DIST.\NCE    CORRECTION' 

The  determination  of  the  corrections  which  reduce  the  observed 
scale  readings  to  the  center  of  the  field  has  given  more  trouble  than 
any  other  part  of  the  investigation.  An  average  correction  curve 
has  been  determined,  but  irregular  de\'iations  occur  and  are 
responsible  for  a  large  part  of  the  error  affecting  the  final  results. 
Fortunately  these  are  accidental  in  character;  the  determination 
of  the  scale  does  not  appear  to  be  influenced,  and  the  main  dis- 
advantage is  a  slightly  lower  precision  in  the  final  magnitudes. 

For  a  reflecting  telescope  the  theoretical  aberration  in  the 
optical  image  of  a  point  source  is' 

y=  <\:D"R^ 

in  which  7  is  the  maximum  diameter  of  the  cone  of  ra\s  in  seconds 
of  arc  at  its  intersection  with  the  focal  surface  for  parallel  rays. 
R  is  the  ratio  of  the  aperture  to  the  focal  length,  and  D"  the  angular 
distance  of  the  object  from  the  axis  in  seconds. 

For  i?=i/5  and  D"=68o",  the  maximum  distance  at  which 
full  aperture  images  are  measured,  7=5"!  =0.19  mm;  in  the  focal 
plane  it  is  about  10  per  cent  larger  still.  As  the  diameter  of  the 
diffraction  disk  for  a  star  on  the  axis  is  only  0^075.  it  is  clear  that 
the  correction  for  distance  will  be  large. 

These  figures  do  not.  however,  give  the  variation  in  the  photo- 
graphic image,  as  photographic  irradiation,  unsteadiness,  and  the 
distribution  of  intensity  within  the  cone  modify  the  result.  Irradia- 
tion is  greatest  on  the  axis  and  tends  to  equalize  the  difference 
between  axial  and  extra-axial  images,  although  for  bright  stars 
the  latter  are  always  the  larger.     The  intensity  distribution  is 

■  Poor,  Astropliysical  Journal,  7,  114,  iSgS. 
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such  that  most  of  the  Hght  is  concentrated  in  a  small  section  of  the 
cone  adjacent  to  the  axis  of  the  mirror.  For  faint  stars  the  inten- 
sity in  other  parts  of  the  cone  lies  below  the  threshold  value;  some 
of  the  light  is  thus  lost,  while  on  the  axis  the  entire  amount  con- 
tributes to  the  photographic  effect. 

The  dependence  of  the  correction  upon  distance  and  brightness 
was  determined  by  photographing  successively,  with  constant  ex- 
posure, the  same  field,  the  telescope  being  shifted  slightly  between 
the  exposures.  The  images  were  measured  with  the  photometric 
scale,  and  the  readings  for  each  star  plotted  against  distance.  The 
individual  curves  are  sensibly  rectilinear,  but  differ  in  slope.  In 
accordance  with  the  above,  the  incUnations  for  bright  stars  cor- 
respond to  an  increase  in  image  size  with  increasing  distance,  while 
for  faint  objects  the  reverse  is  the  case.  For  a  certain  intermediate 
brightness  there  is  no  variation,  and  the  curves  are  parallel  to  the 
axis.  The  factor  determining  the  slope  is  the  size  of  image  and 
depends,  therefore,  upon  both  the  exposure  and  the  brightness  of 
the  star. 

To  reduce  the  results  to  a  useful  form,  the  values  of  the  correc- 
tion (D.C.)  corresponding  to  ^=5.0  (unit  =5  mm)  were  read  from 
the  curves  for  a  large  number  of  plates.  The  corrections  were 
expressed  in  scale  intervals  and  arranged  in  the  order  of  the  readings 
of  the  images  to  which  they  refer.  The  means  of  all  values  within 
certain  limits  of  scale  reading  gave  the  relation  between  brightness 
and  correction,  which  is  also  nearly  linear.  The  results  for  D  = 
5.0  are  shown  in  Fig.  2.  They  range  from  +2.5  to  —2.0  scale 
intervals,  or  from  approximately  +0.75  to  —0.60  mag.  For  any 
other  distance  the  correction  may  be  found  by  an  application  of 
the  linear  relation  for  distance  with  the  condition  that  for  D=o, 
D.C.  =  o.  In  practice  the  values  are  read  from  a  table  with  the 
distance  and  the  scale  reading  as  arguments  and  applied  directly 
to  the  observed  scale  readings. 

Although  it  was  presumed  that  photographs  with  the  60-inch 
screens  would  require  the  same  correction  as  those  without  screens, 
the  matter  was  specially  investigated  for  the  single  thickness  screen 
G.  The  result  was  a  curve  practically  identical  with  that  of  Fig.  2. 
The  32-inch  diaphragm  was  similarly  investigated.     In  this  case 
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the  corrections  are  so  small  that  usually  they  may  be  disregarded. 
With  the  smaller  diaphragms  a  different  procedure  showed  that 
the  corrections  are  sensibly  zero. 

The  irregularities  to  which  reference  has  been  made  could  not 
at  first  be  traced  to  a  definite  cause.  The  influence  of  errors  in 
focus  and  of  variations  in  the  energy,  temperature,  and  duration 
of  development  were  successively  studied,  without  finding  an  ade- 
quate explanation.  Finally,  it  was  noted  that  the  deviations  for 
different  photographs  of  the  same  region  were  similar,  and  correlated 
with  the  direction  as  well  as  with  the  distance  from  the  axis.  This 
suggested  temperature  deformations  of  the  mirror  as  the  source  of 
the  difficulty.     As  a  decisive  test,  the  instrument  was  exposed  to 

Scale  reading 


Kk;.  ;.— Dislaiu- 


correction  in 


intervals  for  D  = 


: mm  =  1 1 . 


abnormal  temperature  conditions,  and  during  the  following  night 
distance  correction  plates  were  made  at  intervals  until  normal 
figure  had  been  regained.  As  a  control  upon  the  latter,  extra- 
focal  knife-edge  photographs  of  the  mirror  were  made  by  the 
method  of  Hartmann.  The  earlier  distance  correction  plates 
showed  the  characteristic  irregularities  in  an  exaggerated  form. 
With  improvement  in  the  figure  of  the  mirror  these  decreased,  and 
with  normal  figure  the  curve  was  approximately  that  given  above. 
The  location  of  the  difficulty  has  made  it  possible  to  reduce  the 
uncertainty;  but  it  cannot  be  wholly  removed,  for  small  deforma- 
tions, apparently  without  influence  upon  other  kinds  of  observa- 
tions, are  appreciable  in  photometric  work. 
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8.       RKDirCTION    OF    THE    MEASURES 

a)  Inlermediale  slurs. — After  the  measurement  of  the  plates 
with  the  photometric  scale,  the  mean  scale  reading  is  formed  for 
the  images  of  each  star  made  with  the  same  aperture.  Thus,  for 
the  series  of  exposures  represented  by  60,  32,  32,  60,  the  two  read- 
ings on  each  of  the  60-inch  images  are  combined.  A  similar  com- 
bination gives  the  mean  for  the  diaphragm  images.  Results 
requiring  correction  for  distance  are  treated  in  the  manner  described 
in  the  preceding  section.     The  difference  in  the  corrected  readings 

s'  —  s  =  M  (13) 

corresponds  to  the  reduction  constant  A;h  of  the  secondary  expo- 
sure. Each  of  the  brighter  stars  gives  a  relation  of  the  form  of 
(13).  and  the  problem  is  to  find 

m=J{s)  (14) 

subject  to  the  condition 

m+\m  =  {(s+\s)  =  {{s').  (15) 

An  analytical  solution  has  been  given  by  Schwarzschild.' 
Usually  A5  is  a  function  of  ^,  but  the  fact  that  the  relation  between 
magnitude  and  scale  reading  is  nearly  linear  reduces  the  variation 
in  As  to  a  minimum.  Not  infrequently  it  may  be  regarded  as 
constant.     In  this  case,  for  full  aperture 

m  =  u.-\-jis  (16) 

and  for  reduced  intensity, 

W!  =  a-|-/J5'  — Am ,  (17) 

in  which  a  is  a  constant  depending  on  the  zero  point,  and 

^  =  1'"-.  (18) 

In  any  case,  As  is  plotted  with  5  as  abscissa.  If  the  curve  shows 
As  to  be  sensibly  constant,  the  magnitudes  are  calculated  at  once 
by  equations  (16)  to  (18).  Otherwise,  the  scale  is  calibrated  by 
a  process  based  upon  the  Schwarzschild  solution.     This  is  illustrated 

'  Aslroiiomisilic  Xachriiiilcii,  172,  65,  1906. 
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by  the  example  in  Table  V,  which  relates  to  a  plate  with  the  14-inch 
diaphragm  and  is  chosen  because  of  the  unusually  large  variation 

in  As. 

TABLE  V 

Calibration  of  the  Scale 

Plate  808  P,  Apertures  60  and  14,  A»i  =  2.97  mags. 


s 

As 

s- 

! 

m„ 

lO-S 
10.4 

I03 

10.2 
10.0 
9-7 
9  3 
9.0 
8.6 
8.2 
7.8 

"•5 
12.4 
13-3 
14.2 

150 
15-7 
16.3 
17. 0 
.7.6 
18.2 
18.8 

0.00       1       2.97 

28- 

0.28                         ^.2; 

-2.97 
2.69 
2.40 

29 
0.57 

28 
0.8s 

38 
I     13 

20 
1.42 

28 
1.70 

28 
1.98 

2g 
2.26 

29 

2-55 

28 
2.83 

28 
3  II 

3-54 
3.82 
4.10 
4  39 
4.67 
4-95 
5- 23 
552 
5.80 
6.08 

I.  84 

1-55 

6 

0.99 

8        

9 

0.42 
—0. 14 

30 
3  41 

32 

3-73 

33 
4.06 

36 

4.42 

4.81 

42 

5- 23 

48 

S-7I 

0.76 

1.09 
1-45 
1.84 

16 

2  26 

18... 

+  -'    74 

The  process  is  begun  1)\-  writing  in  the  first  column  the  scale 
numbers  from  o  to  18.  Opposite  these  are  inserted  the  corrcsiumd- 
ing  values  of  A5  read  from  the  curve.  The  horizontal  summation 
of  the  first  two  columns  gives  the  third.  Values  of  x  and  5'  stand- 
ing opposite  each  other  correspond  to  the  magnitude  difference 
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Am,  which  is  the  condition  used  for  the  derivation  of  the  magni- 
tudes in  the  fourth  and  fifth  columns  relating,  respectively,  to  s 
and  s'. 

For  small  values  of  5.  the  As  curve,  in  this  case,  is  parallel  to 
the  axis.     This  implies  that  for  5  less  than 

5  + •^■5=  I  .0+10.5  =  11  .5  , 

the  relation  of  magnitude  to  scale  reading  is  linear,  with  the  pro- 
portionality factor  /3,  by  (18),  equal  to  0.283  mag.  iAm=2.g-j 
mags..  As=io.5).  The  products  of  /3  into  the  scale  numbers 
o  to  II  are  therefore  formed  and  inserted  in  the  fourth  column. 
To  these  are  added  the  reduction  constant  2.97,  the  results  being 
entered  in  the  fifth  column.  By  the  condition  (14),  the  latter 
series  of  magnitudes  corresponds  to  the  scale  readings  in  the  third 
column,  and  it  is  now  possible  to  find  by  interpolation  the  values 
of  m  for  the  integral  values  of  5  from  12  to  18.  The  results  are 
entered  in  the  fourth  column,  small  arbitrary  changes  being  made 
at  two  or  three  points  in  order  to  secure  a  greater  regularity  in 
successive  differences. 

With  the  data  in  the  first  and  fourth  columns,  the  magnitudes 
of  all  the  stars  on  the  plate  maj'  be  obtained.  For  the  diaphragm 
exposures  it  is  necessary  to  subtract  the  reduction  constant  from 
the  results  of  the  interpolation  in  order  that  they  may  be  referred 
to  the  zero  point  of  the  magnitudes  given  by  the  full  aperture 
images.  This  is  best  done  by  subtracting  once  for  all  the  constant 
from  the  tabular  values  of  mto-  The  results  are  in  the  last  column 
under  the  heading  mi^.  and  are  to  be  used  in  interpolating  the 
magnitudes  for  the  secondary  exposures.  The  zero  point  is  fixed 
by  the  method  used  for  finding  the  values  of  ;h6o-  Its  relation 
to  the  true  zero  point  must  be  found  by  a  comparison  with  stars 
of  known  magnitude. 

The  process  described  is  readily  adapted  to  such  variations  in 
the  curve  for  As  as  have  been  found  to  occur  in  practice.  The 
assumption  of  a  linear  relation  between  5  and  m  can  almost  always 
be  made  for  some  part  of  the  scale.  Should  this  prove  impossible, 
more  general  relations  proposed  by  Schwarzschild  may  be  employed. 

In  case  more  than  one  set  of  diaphragm  expo.surcs  is  made  upon 
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the  same  plate,  as  for  example  with  the  arrangement  60,  32.  14. 
14.  32,  60.  two  separate  determinations  of  the  scale  are  made, 
using  the  combinations  60-32  and  60-14.  When  the  g-inch  dia- 
phragm is  also  added,  there  are  not  ordinarily  sufficient  data 
to  permit  a  separate  determination;  but  the  images  thus  secured 
are  easily  reduced  by  means  of  the  scales  established  with  the  other 
diaphragms,  and  strengthen  the  results  for  the  brighter  stars 
which  are  always  somewhat  uncertain. 

b)  Faint  stars. — The  images  of  the  two  exposures  are  measured, 
corrected  for  distance  error,  and  plotted  with  the  known  magni- 
tudes as  ordinates.  The  ordinates  of  the  two  curves  thus  obtained 
differ  by  Am.  Were  the  law  of  photographic  action  expressed 
by  equation  (6)  rigorously  true  Am  would  be  constant.  We  have 
already  seen,  however,  that  the  value  of  Am  decreases  with  decreas- 
ing intensity,  and  experience  shows  that  its  change  is  slow  and 
nearly  linear."  Its  values  are  read  from  the  sheet  and  extrapolated 
over  the  intensity  interval  of  the  faint  stars  registered  by  the  long 
exposure.  The  addition  of  the  extrapolated  values  to  the  ordinates 
of  the  short-c.xposure  curve  in  the  region  of  faint  intensity  gives 
a  series  of  points  through  which  the  long-ex]iosure  curve  may  be 
produced,  thus  establishing  the  relation  between  magnitude  and 
scale  reading  for  the  faint  stars.  The  magnitudes  of  the  latter 
are  then  read  directly  from  the  extended  curve. 

The  following  series  of  values  from  two  |)hites  indicate  the 
character  of  the  change  in  Aw." 


Scale  Reading 

PI.  1332  P 

PI.  1300  P 

2-35 
2.20 
2.12 
2.03 
1.92 
1.80 

6                 

2. II 

8 

2.07 

2.03 
I.9S 
1.90 

14 

\\  ith  this  degree  of  uniformity,  it  is  probable  that  the  extrapo- 
lation over  5  or  6  scale  intervals  can  be  made  with  some  accuracy, 
and  the  agreement  of  the  results  from  (iilTcrent  plates  seems  to 
justify  this  opinion. 


PHOTOMETRY  WITH  THE  6o-I.\CH  REFLECTOR  t,t,t, 

c)  Bright  stars. — The  process  to  be  employed  for  the  reduction 
is  sufficiently  indicated  by  the  account  of  the  method  already 
given.  Details  and  illustrative  results  may  be  found  in  "The 
Photographic  Magnitude  Scale  of  the  North  Polar  Sequence."' 

9.       THE    DIFFR.\CTION    EFFECT 

The  relatively  unimportant  influence  of  a  change  in  the  diffrac- 
tion pattern  was  established  in  two  ways:  first,  by  determining 
the  increase  in  the  diameter  of  star  images  produced  by  small 
errors  in  focus,  and.  second,  by  examining  the  accordance  of  the 
magnitude  scales  for  the  same  group  of  stars  established  b}'  the 
difterent  methods  of  reducing  the  intensity. 

a)  Errors  of  focus. — -When  the  aperture  is  decreased  by  a  cir- 
cular 3iaphragm,  the  diameter  of  the  diffraction  disk  is  increased 
in  the  inverse  ratio  of  the  apertures.  The  intensity  is,  at  the  same 
time,  reduced  by  the  equivalent  of  Am  magnitudes.  Will  the 
reduced  intensity  of  a  star  5.  distributed  over  the  enlarged  difi^rac- 
tion  disk,  produce  the  same  photographic  effect  as  the  equivalent 
intensity  of  a  star  Aw  fainter  than  5  photographed  with  the  full 
aperture  ?  It  is  a  question  as  to  the  equahty  of  photographic 
effects  when  equal  quantities  of  light  act  upon  areas  of  the  sensitive 
film  differing  in  size.  The  matter  may  be  studied  by  measuring 
the  diameters  of  focal  and  slightly  extra-focal  images  of  the  same 
star  photographed  with  the  full  aperture  and  constant  exposure. 

Two  series  of  photographs,  18  plates  in  all,  were  made  with 
different  focal  settings,  the  true  focus  being  determined  with  the 
knife-edge.  Five  or  six  two-minute  exposures  were  made  on  each 
plate,  and  upon  each,  15  stars,  on  the  average,  were  measured  with 
the  photometric  scale.  The  mean  results  for  an  image  of  average 
brightness  are  in  Table  VL  The  first  column  contains  the  devia- 
tions from  the  true  focus,  and  the  second  and  third,  the  corre- 
sponding change  in  the  image  expressed  in  magnitudes.  In 
forming  the  means  in  the  fourth  column,  the  second  series  was 
given  double  weight.  The  quantities  in  the  last  column  are  the 
means  for  equal  positive  and  negative  focal  deviations. 

'  Contrihulions  from  llie  Moiiitl  Wilson  Solor  Observatory,  Xo.  70;  .Isirophysiciil 
Jouritiil,  38,  241,  igij. 
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With  the  full  aperture,  the  diameter  of  the  cone  of  rays  0.005 
inch  from  the  focus  is  very  nearly  ten  times  that  of  the  diffraction 
disk.  The  circular  aperture  giving  a  diffraction  disk  of  this  diam- 
eter is  one-tenth  the  full  aperture,  or  6  inches.  From  Table  \'I 
it  appears  that  the  diffraction  effect  for  such  a  diaphragm  should 
be  of  the  order  of  0.03  mag.  As  the  corresponding  reduction 
constant  is  nearly  five  magnitudes,  the  resulting  error  in  the  scale 
must  be  very  small. 

TABLE  VI 
Relation  between  Focus  and  Size  of  Image 


(Inches) 

Am 

Series  I 

Series  II 

Mean 

AND  IN-F. 

—  0.19 

—  0. 19 
-0.08 

0.00 
0.00 

—  0.04 

—  0.09 

—  0.19 

—  0. 10 
-0.03 

0.00 
-0.03 

—  0.07 

—  0.12 

-^..5 
—  0.08 

—0.06 
0.00 
0.00 

—  0.04 

—  0.09 
-0.14 

—  0.03 
0.00 

0.000 

—0.015. 

Strictly  speaking,  the  matter  should  have  been  investigated 
.  separately  for  stars  of  different  brightness,  but  the  material  avail- 
able, when  thus  divided,  is  insufficient  for  a  precise  determination 
of  the  minute  quantities  involved. 

b)  Accordance  of  magnitude  scales. — The  best  test  of  the  diffrac- 
tion effect  is  afforded  by  a  comparison  of  results  found  with  the 
wire  gauze  screens  and  the  diaphragms.  With  screens  the  central 
diffraction  disk  is  unchanged,  and  the  results  are  free  from  the  error 
in  question.  Assuming  the  screen  constant  to  be  known  with  pre- 
cision, the  comparison  indicates  at  once  tiie  errors  to  be  expected 
in  using  the  diaphragms. 

A  series  of  photographs  was  made  specially  for  an  investigation 
of  the  question  shortly  after  photometric  work  with  the  reflector 
was  begun.  At  that  time  the  importance  of  a  rigid  temperature 
control  of  the  instrument  was  not  realized  and,  as  a  consequence, 
difficulties  arose  in  the  correction  of  the  observations  for  distance. 
Two  separate  reductions  were  made  by  entirely  different  methods. 
In  the  first,  the  distance  error  entered  as  an  unknown.     In  the 
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second,  it  was  found  by  comparing  the  full  aperture  images  with 
the  results  of  a  preliminary  reduction  based  upon  exposures  made 
wholly  with  diaphragms  of  32,  14,  8,  and  6  inches,  for  all  of  which 
the  field  of  view  is  sensibly  normal. 

Although  the  mean  scales  from  the  two  reductions  differ  con- 
siderably, the  deviations  of  the  results  of  the  dififerent  methods 
of  intensity  reduction  from  the  two  means  are  small.  The  former 
difference  arises  from  the  uncertainty  in  the  distance  correction, 
and  is  of  no  great  importance  for  the  moment.  The  deviations 
from  the  separate  means  represent  the  systematic  differences 
between  the  different  methods  for  estabhshing  the  scale.  These 
are  shown  in  Tables  VII  and  VIII,  the  unit  being  o.oi  mag. 

T.\BLE  VII 

Systematic  Differences — First  Reduction 


60-32 

60-14 

60-8,60-6 

32-8,32-6 

+8 

-7 

+  8 

+   I 

+  7 

—  2 

-   5 

—  II 

+  1 

+6 

+   2 

— 12 

+  1 

+  5 

-13 

+   2 

+  1 

—  I 

+   2 

—    2 

—  2 

0 

—   2 

+9 

-, 

+  4 
0 

+   2 

-3 

-4 

0 
-4 

10 

II 

7 

6 

+6 

—  I 
+  2 

o 

-3 

—  I 

+  2 
+8 


No.  scale  determina- 
tions   


T.\BLE  VIII 
Systematic  Differences — Second  Reduction 


No.  scale  de- 
terminations 


60-G 

60-32 

+  7 

-6 

+4 

-3 

+  2 

+  1 

+3 

0 

—  2 

-l-i 

-4 

+3 

-3 

-1-2 

-4 

+  2 

10 

10 

-5 
+5 
-fi 
+3 


-l-i 


—  Q 

+3 


+3 
+3 


-14 


+  3 
+  6 

—  I 

—  II 
+  3 


+  1 
-8 
-l-i 
-5 
+  9 


+6 
-4 


-6 
-5 


+3 
+9 


-3 

-3 
-Hi 
-3 
-6 
o 
+3 
+9 


=*=  0.097 
mag.(P.E.) 
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The  zero  points  of  the  mean  magnitudes  given  in  the  first 
columns  are  arbitrary.  The  interval  actually  covered  was  from 
9.5  or  10  to  about  15.  The  column  headings  indicate  the  aper- 
tures used  for  establishing  the  scale  whose  deviations  are  given  in 
the  body  of  the  table.  These  are  generally  small,  and  in  only  a 
few  cases  are  they  progressive.  Even  here  the  result  is  apparently 
due  quite  as  much  to  the  uncertainty  in  the  distance  correction 
as  to  other  sources  of  systematic  error,  for  it  will  be  noted  that  the 
divergences  for  the  60-32  combination  of  apertures  are  in  opposite 
directions  in  the  two  reductions. 

Although  the  results  for  the  sector  diaphragm  (5)  and  the 
rotating  sector  (RS)  are  of  low  weight,  it  is  of  interest  to  note  that 
their  deviations  are  not  appreciably  greater  than  the  others.  The 
diffraction  pattern  for  the  former  is  very  different  from  that  of  a 
circular  or  annular  aperture,  and  that  there  is  no  marked  divergence 
may  be  regarded  as  significant.  The  interpretation  of  the  results 
for  the  rotating  sector  has  already  been  mentioned. 

As  a  further  test  of  the  accordance  of  scales  established  b\- 
different  methods  of  reducing  the  intensity,  results  from  an  unpub- 
lished investigation  of  the  Polar  Sequence  are  gi\tn  in  Table  IX. 
In  this  instance  the  distance  correction  used  was  that  found  by 
the  method  of  Section  7.  The  magnitudes  were  calculated  by  the 
interpolation  process  given  in  Section  8.  The  mean  scale,  at  least 
as  far  as  15 . 5.  is  probably  close  to  the  true  value,  as  the  differences 
between  the  Mount  Wilson  and  Har\ard  results  shown  in  the  second 
column  are  small. 

As  before,  small  progressive  deviations  are  in  evidence;  but 
these  are  perhaps  caused  by  errors  peculiar  to  the  plates,  rather 
than  by  systematic  dift'erences  inherent  in  the  methods  of  estab- 
lishing the  scale.  If.  for  example,  all  the  deviations  in  Tables 
VH-IX  relating  to  combinations  of  the  full  aperture  with  dia- 
phragms of  32,  14,  8.  and  6  inches  be  formed  into  one  set  of  means, 
and  those  derived  with  60-G  and  60-g  into  another,  we  find  the 
results  of  Table  X.  in  which  there  remains  little  trace  of  progres- 
sive divergence. 

The  results  in  Tables  VIl-X  relate  to  stars  of  intermediate 
brightness.     For  the  internal  agreement  of  scales  found  for  the 
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brighter  stars,  reference  may  be  made  to  "The  Photographic  Scale 
of  the  North  Polar  Sequence."'  The  mean  scale  for  these  objects 
is  in  less  satisfactory  agreement  with  that  of  the  Harvard  Observa- 
tory, but  there  is  no  evidence  of  appreciable  systematic  difference 
between  the  results  found  by  the  different  methods  of  reducing 
the  intensity. 

TABLE  IX 
Systematic  Differenxes — Polar  Sequence  Stars 


60-32 

60-14 

60-8 

+  ,s 

—  2 

-hi8 

+  ,s 

-3 

-  6 

—   I 

+  7 

-Hio 

-   3 

+  5 

-  8 

—    2 

-l-i 

-1-  4 

-   4 

-4 

—  10 

-  6 

—  4 

—  21 

—  II 

-l-r 

-16 

13 

4 

2 

10.78. 

12.27. 

13.21. 
13.91. 
14.44. 

iS-OS- 
16.07. 
16.79. 


—  2 
+  3 
-I-  6 
-1-12 
+  19 
+  14 


+  5 
-t-  4 
+  S 
+  9 
+  14 


—  12 

—  4 

—  I 
-I-14 
-I-  2 
+  9 
+  25 


No.    scale   deter- 
minations  


±13.0 

=*=  o.  no 

mag.(P.E.) 


*  Since  the  publication  in  Contribution  No.  70  of  a  similar  comparison  with  the  Harvard  results,  the 
calculations  have  been  revised  and  small  corrections  to  the  zero  points  of  the  separate  scales  have  been 
applied.  This  and  a  different  grouping  of  the  stars  accounts  for  the  difference  between  the  above  results 
and  those  originally  given.  The  number  of  stars  in  the  next  to  the  last  column  does  not  apply  to  the 
differences  Mt.W.— H. 

T.\BLE  X 

Mean  Systematic  Differences  between  Diaphragms  and  Screens 


Mean 
Mag. 

Dia- 
phragms 

Screens 

D-S 

Mean 
Mag. 

Dia- 
phragms 

Screens 

D-S 

0.52  .... 

-t-2 

-4 

-1-6 

4.27   ... 

-l-i 

0 

+  1 

1.80 

+  1 

-1-2 

—  I 

4.77   ... 

0 

0 

0 

2  .  80 

4-2 

—  2 

-t-4 

5.17   .  .. 

0 

-Hi 

—  I 

365    .... 

0 

-1-2 

5.78... 

—  2 

+5 

~7 

In  all  of  the  foregoing  comparisons  it  is.  of  course,  to  be  under- 
stood that  the  errors  of  the  reduction  constants,  as  well  as  a  possible 
diffraction  effect,  are  included  in  the  residuals.  It  seems  to  be 
reasonably  clear  that  neither  of  these  can  be  of  any  great  importance. 

As  far  as  the  diffraction  effect  is  concerned,  the  result  is  perhaps 
what  might  have  been  anticipated.     If  we  consider  the  ideal  case 

■  Loc.  cil. 
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in  which  the  light  is  assumed  to  act  only  upon  a  region  of  the  plate 
of  the  sanae  size  as  the  diffraction  disk,  we  shall  in  all  cases  be  deal- 
ing with  areas  smaller  than  the  smallest  star  image.  In  other 
words,  the  greater  part  of  the  image  is  the  result  of  photographic 
irradiation  or  other  causes.  This  being  the  case,  the  actual  size 
of  the  diffraction  disk,  within  the  limits  considered,  would  pre- 
sumably be  a  matter  of  minor  importance.  Actually,  however, 
the  area  of  the  plate  afTected  is  larger  than  the  diflraction  disk, 
because  of  the  oscillations  of  the  image  produced  by  atmospheric 
inequalities,  and  this  tends  to  minimize  the  differences  which  might 
otherwise  exist  between  large  and  small  apertures. 

lO.       PRECISION    OF    THE    RESULTS 

The  time  has  scarcely  arrived  for  a  final  estimate  of  the  precision 
of  results  derived  by  the  methods  described.  Nevertheless,  as 
an  indication,  the  quantities  in  the  last  columns  of  Tables  VIII 
and  IX  are  given.  In  Table  IX  these  are  the  average  deviations 
of  a  single  magnitude,  based  upon  the  mean  of  two  images  on  the 
same  plate,  from  the  mean  estabhshed  by  29  separate  determina- 
tions of  the  scale.  Fifteen  plates  were  available  with  a  possible 
ma.ximum  of  30  scale  determinations,  but  the  rejection  of  one  set 
of  diaphragm  exposures  reduced  the  number  to  29.  Over  1500 
magnitudes  are  involved,  and  of  this  number,  none  were  excluded 
in  forming  the  means.  There  is  some  tendency  for  the  deviation 
to  increase  as  the  ends  of  the  scale  are  approached.  The  average 
for  the  entire  series  is  0.130  mag.,  corresponding  to  a  probable 
error  of  o.  no  mag.  The  result  includes  not  only  the  accidental 
errors,  but  also  the  systematic  deviations  of  the  individual  scales 
from  the  mean  for  a  range  of  six  magnitudes. 

To  obtain  an  estimate  of  the  latter,  the  differences  between  the 
magnitudes  derived  for  each  star  from  the  full-  and  reduced- 
intensity  exposures  on  each  plate  were  formed  whenever  possible. 
The.se  differences  are  free  from  scale-error,  and  their  mean  value 
without  regard  to  sign  is  a  measure  of  the  remaining  errors.  From 
400  such  differences  for  the  Polar  Sequence  stars  a  mean  of  o.  142 
mag.  was  found.  The  jirobable  error  in  a  single  magnitude, 
exclusive  of  scale  error,  is  therefore  0.08^  mag.     The  difference 
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between  this  and  the  entire  probable  error  of  o.  1 10  mag.  is  the  part 
contributed  by  errors  of  scale.  The  probable  error  corresponding 
to  the  latter  is  0.070  mag.  This  result  is  not  unsatisfactory  when 
the  scale  interval  covered  is  considered,  but  the  remaining  error 
represented  by  0.085  mag.  is  large.  As  already  pointed  out, 
much  of  this  is  doubtless  due  to  temperature  deformations  of  the 
mirror;  the  accordance  of  the  scale  readings  is  such  that  the  error 
of  estimate,  which  besides  distance  error  is  the  only  source  of  any 
considerable  uncertainty,  must  contribute  something  less  than 
one-half  of  the  outstanding  0.085  mag. 

Similar  results  follow  from  Table  VIII.  Here,  however,  the 
deviations  were  calculated  for  the  mean  of  the  magnitudes  found 
with  full  and  reduced  intensity  whenever  the  secondary  image  was 
registered,  which  occurs  for  about  one-third  of  the  cases.  Taking 
this  into  account,  the  probable  errors  from  Tables  VIII  and  IX 
are  in  good  agreement. 

The  Polar  Sequence  plates,  as  well  as  those  for  the  study  of  the 
diffraction  effect,  were  made  under  unfavorable  conditions  of  tem- 
perature. Latterly  the  instrument  has  been  as  carefully  protected 
as  possible,  and  the  results  are  more  precise.  As  an  illustration, 
there  may  be  noted  the  probable  errors,  including  scale  divergence, 
for  each  of  six  selected  areas.  These  are  0.082,  0.079,  0.069, 
0.090,  o.  109,  and  o.  Ill  mag.,  respectively.  The  last  two  are  the 
same  as  that  found  above,  but  the  others  are  smaller,  and  the  mean 
of  0.085  mag.  shows  an  appreciable  gain  in  precision. 

Each  of  these  values  is  based  upon  an  average  of  300  magni- 
tudes. Four  plates  were  used  for  each  area,  and  the  deviations 
are  referred  to  the  mean  of  si.\  or  more  determinations  of  the 
scale. 

No  detailed  examination  has  yet  been  made  of  the  relative  pre- 
cision afforded  by  the  different  methods  of  reducing  the  intensity. 
It  seems  likely,  however,  that  there  is  not  much  preference  in  this 
respect  between  the  different  circular  diaphragms  and  the  screens, 
at  least  for  reduction  constants  not  exceeding  three  magnitudes. 
The  smaller  number  of  values  of  Ax  obtained  with  large  reduction 
constants  is  compensated  for  by  the  size  of  the  constant  itself.  But 
beyond  the  limit  mentioned,  there  is  difficulty  in  calibrating  the 
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photometric  scale.  The  sector  diaphragm  is  not  to  be  recom- 
mended, for  although  accordant  scales  have  been  established  by 
its  use,  it  affects  the  definition,  and  the  accidental  errors  are  large. 
The  rotating  sector  is  probably  not  to  be  trusted  without  assurance 
that  for  the  special  conditions  involved  the  equivalent  of  Talbot's 
law  may  be  applied. 

Mount  Wilson  Solar  Observatory 
Xovember  25,  1913 


THE  RADIAL  VELOCITIES   OF  ONE  HUNDRED   STARS 
WITH  MEASURED  PARALLAXES' 

By  WALTER  S.  ADAMS  and  ARNOLD  KOHLSCHUTTER 

A  part  of  the  observing  program  of  the  6o-inch  reflector  for 
radial  velocitj'  determinations  during  the  past  three  years  has  con- 
sisted of  stars  fainter  than  magnitude  5 . 5  on  the  \-isual  scale  for 
which  observations  of  parallax  are  available.  The  measurement 
of  the  radial  velocity  completes  the  Hst  of  fundamental  constants 
for  such  stars,  and  makes  it  possible  to  calculate  their  real  motions 
in  space.  This  fact  is  of  especial  interest  since  these  stars  are  in 
general  those  nearest  to  the  solar  system,  and  may  be  expected,  in 
view  of  their  large  proper  motions,  to  show  high  average  radial 
velocities.  A  knowledge  of  the  spectral  types  of  these  stars  is  also 
of  much  importance,  since  their  absolute  magnitudes  may  be  cal- 
culated with  the  aid  of  the  parallax  determinations. 

The  instrument  employed  for  all  of  the  observations  has  been 
the  Cassegrain  spectrograph  adapted  for  use  with  one  prism. 
Two  cameras  have  been  used:  first,  a  lens  with  a  focal  length  of 
102  cm  for  stars  between  magnitudes  5.5  and  6.5;  and  second,  a 
lens  of  46  cm  focal  length  for  stars  fainter  than  6.5.  The  first  is  a 
special  triplet  made  by  Brashear,  and  the  second  a  Cooke  lens  of 
the  "  Astrophotographic  "  type.  Both  lenses  give  excellent  defini- 
tion, but  the  field  of  the  second  lens  is  considerably  the  wider.  As 
a  result  the  measures  which,  in  the  case  of  the  larger  scale  photo- 
graphs, are  limited  to  the  region  between  Hy  and  Hn,  are  extended 
for  the  smaller  scale  plates  to  the  region  between  X  4200  and  Hg. 
The  approximate  linear  scale  of  the  photographs  at  H-^  is  as  follows: 

io2-cm  camera i  mm  =  16  angstroms 

46-cm  camera i  mm  =  36  angstroms 

The  exposure  times  with  the  two  cameras  are  nearly  in  tlie 
ratio  of  5  to  I,  allowing  for  a  well-measurable  width  of  spectrum  in 
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both  cases.  To  illustrate  the  efficiency  of  the  large  reflector  and 
spectrograph  under  good  conditions  of  transparency  and  definition 
the  following  list  of  data  for  a  few  photographs  obtained  wnth  the 
short  camera  is  taken  from  the  observing  book.  The  definition 
is  on  a  scale  of  v 


Mag. 

Spectrum 

Exposure 

Slit-Width 

Min. 

mm. 

6.8 

G2 

27 

0.038 

6.8 

G9 

•      30 

0.038 

7-4 

G8 

61 

0.038 

7.q 

Ko 

7^ 

0.038 

8.0 

A3P 

77 

0.038 

8.2 

Ma 

122 

0.038 

7.6 

Ma 

9^ 

0  033 

Lai.  27742  .  . 
W.B.  is''720. 
Groom.  1855. , 

02  2q8 

Lai.  5  76 1 ...  . 
Groom.  34..  .  . 
Lai.  21181.  ■  . 


3-4 
3-4 


In  the  course  of  measurement  we  have  found  it  desirable  to 
select  somewhat  different  stellar  lines  on  the  photographs  taken 
with  the  two  cameras.  On  the  larger  scale  plates  most  of  the  lines 
used  are  of  moderate  intensity,  and  relatively  few  of  them  are  direct 
comparisons  with  the  iron  lines  of  the  comparison  spectrum.  With 
the  small  scale  given  by  the  short  camera,  however,  the  strong  lines 
become  so  narrow  that  they  are  well  measurable,  and  a  considerable 
proportion  of  the  lines  used  are  direct  comparisons  with  the  stronger 
arc  lines  such  as  X  4260,  X4383,  X  4404,  etc.  Our  experience 
has  shown  that  in  spectra  of  types  F  to  K5  the  use  of  such  strong 
lines  avoids  many  of  the  difficulties  arising  from  uncertainties  in 
the  wave-lengths  of  blended  lines.  In  stars  of  types  K5  to  Mb,  on 
the  other  hand,  the  relative  intensities  of  the  stellar  lines  as 
compared  with  the  sun  are  so  greatly  modified  that  even  the  strong 
iron  lines  may  be  affected  by  neighboring  lines  which  blend  with 
them,  and  much  care  has  to  be  exercised  in  the  selection  of  those 
to  be  used.  The  number  of  lines  measured  is  usually  from  ten  to 
fifteen. 

In  the  tabulation  of  our  results  for  the  radial  velocities  of  100 
of  these  stars  we  have  adopted  the  plan  of  giving  the  values  for  the 
individual  plates  rounded  off  to  the  nearest  kilometer.     The  mean 
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values  for  the  long  camera  photographs  are  given  to  fractional 
parts  of  a  kilometer,  while  for  the  small  scale  plates  they  are  left 
in  even  kilometers.  The  fractional  parts,  however,  are  used  in  the 
formation  of  the  mean  values  in  both  cases  so  that  no  error  enters 
into  the  mean  from  this  source.  With  the  small  linear  scale  of  the 
spectrograms  taken  with  the  short  camera  it  is  of  course  evident 
that  a  fairly  large  range  is  to  be  expected  among  the  separate 
determinations  of  radial  velocity.  The  occasional  discrepancies 
found  among  the  long  camera  results  are  due  in  part  to  the  char- 
acter of  some  of  the  stellar  spectra,  and  in  part  may  represent  actual 
variations  of  velocity.  We  do  not,  however,  consider  such  varia- 
tions as  established  from  these  results. 

The  spectral  classifications  given  in  Table  II  are  made  from 
our  own  photographs,  the  data  already  published  for  these  stars 
being  somewhat  scanty.  Occasionally  large  differences  are  found 
between  our  values  and  such  as  are  given  by  the  Harvard 
observers,  and  in  these  cases  we  have  taken  especial  care  to  check 
the  results.  The  Harvard  system  of  classification  is  used  through- 
out. 

In  the  accompanying  table  (II)  the  right  ascension  and  declina- 
tion given  for  each  star  are  for  the  epoch  1910.  The  magnitudes  are 
taken  from  Publications  of  the  Aslronomical  Laboratory  at  Groningen, 
No.  24,  and  are  on  the  Harvard  visual  scale.  The  column  v  is  the 
fnean  observed  radial  velocity,  and  v'  is  this  velocity  corrected  for 
the  sun's  motion,  assuming  the  apex  at  0=270°,  6=4-30°,  and  a 
solar  motion  of  20  km.  The  quantities  ju,  \j/,  and  tt  denote  as  usual 
the  star's  proper  motion,  the  position  angle  of  the  proper  motion, 
and  the  absolute  parallax,  and  are  taken  from  the  Groningen 
publication  already  referred  to.  The  absolute  magnitudes  given 
in  the  last  column  are  also  taken  from  this  publication.  The  remain- 
ing three  columns  of  the  table  denoted  by  A,  A,  and  V  give  the 
right  ascension  and  declination  of  the  star's  apex  and  its  absolute 
motion  in  space.  These  quantities  were  computed  with  the  aid  of 
the  convenient  formulae  derived  by  Dr.  Wilson  and  published  in 
Lick  Observatory  Bulletin,  No.  214,  where  the  values  for  a  large 
number  of  the  brighter  stars  with  great  proper  motions  are  given. 
The  formulae  were  adapted  for  logarithmic  computation,  and  the 
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values  obtained  have  been  checked  b\'  means  of   the  following 
equations  which  are  due  to  Professor  Kapteyn: 


x  =  v  cos  8  cos  u— 4 


;«•  sin  i/'    .                   /u.  cos  i/'    .     „ 
74  —     -      sin  a  — 4.  74  sin  o  cos  a 


—  17.3-r'i'  CO: 


=  =  +  io.o+; 


s    .        ,  /J.  sin  lA 

o  sin  a  +  4  .  74  cos  a- 


8  +4 


P-  COS  if  J 

]4  COS  o 


/X  COS  4' 


V'  =  x'-\-y'-\-z'.      tan.l=-.      sinA  = 


V 


(sin  .4  has  the  same  sign  as  v) 

The  uncertaint\-  in  the  value  of  the  parallax  of  many  of  these 
stars  of  course  affects  very  greatly  the  determination  of  their 
motions  in  space,  especially  when  the  parallax  is  small.  Accord- 
ingly, when  the  direction  and  amount  of  motion  of  a  star  with  a 
parallax  of  but  a  very  few  hundredths  of  a  second  are  given,  they 
are  to  be  considered  rather  as  representing  what  the  values  would 
be  in  case  the  observed  parallax  is  assumed  to  be  correct,  and  not 
necessarily  the  actual  motion  of  the  star. 

The  number  of  measures  of  each  plate  by  different  observers 
varies  between  one  and  five,  the  great  majority  being  either  two  or 
three.  All  of  the  plates  without  exception  have  been  measured  by 
Miss  Lasby,  and  a  large  proportion  by  Miss  Ensign  and  by  Adams. 
Miss  Burwell  has  measured  many  of  the  more  recent  spectrograms, 
and  some  of  the  earlier  results  are  due  to  Miss  Waterman. 

The  computations  have  been  made  almost  entirely  b}-  Miss 
Lasby,  to  whom  we  wish  to  express  our  hearty  appreciation. 

In  addition  to  the  values  given  in  Table  II  the  following 
determinations  of  the  radial  velocities  of  stars  observed  elsewhere 
are  added  for  comparison : 

TABLE  III 


Star                     Mag. 

Spec. 

Separate  Plates 

Mean 

Campbell 

Groom.  1830 6.5 

61' Cygni 5.6 

61' Cygni 1      6.3 

K8 
K8 

-99  -g6  -g6 
—65  -66  -65  —6s 
—  69  —68  —62  —61 

-97.1 
-65.  2I 
-65      / 

-97 
-63 
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Some  of  the  principal  conclusions  to  be  drawn  from  an  inspec- 
tion of  the  results  shown  in  Table  II  are  as  follows: 

1.  A  few  stars  show  enormous  radial  v'elocities.  Chief  among 
these  are  Lai.  ig66  and  Lai.  15290,  with  velocities  of  —325  and 
—  242  km.  The  first  of  these  shows  the  highest  radial  velocity  so 
far  observed  among  any  of  the  stars.  In  addition  to  these  there 
are  four  stars  showing  velocities  of  over  100  km,  and  several  with 
velocities  between  75  and  100  km. 

2.  A  peculiar  fact  is  the  great  preponderance  of  large  negative 
over  large  positive  velocities.  If  we  use  for  this  comparison  the 
velocities  corrected  for  the  sun's  motion,  given  as  v'  in  the  table,  and 
set  50  km  as  a  limit,  we  obtain  the  following: 


Positive  (5 

:) 

Neg.wive  (15) 

Groom.  864      Go 

+  100 

Lai. 

1045 

Ki 

-58 

W.B.  is^12o 

G9 

-   54 

Groom.  1281    Fg 

84 

Lai. 

1966 

F3 

319 

Lai.  28607 

.\2p 

158 

20  Leo  Mill .    G  i 

54 

Lai. 

4855 

Oo 

103 

72  li'  Uerculis 

Go 

59 

33  Virginis     Ki 

56 

Lai. 

5761 

'A3P 

151 

31  b  .Aquilae 

G? 

80 

Lai.  30694       0-, 

+  57 

Lai. 

15290 

F? 

250 

Lai.  37120-1 

G2 

143 

Lai. 

21185 

Ma 

85 

Lac.  S3S1 

K6 

50 

Lai. 

27744 

G9 

58 

Pi  23''i64 

FS 

~   59 

OS 

298 

Ko 

-   55 

Accordingly  no  less  than  75  per  cent  of  the  large  velocities  observed 
are  negative. 

3.  An  examination  of  the  spectral  types  of  the  stars  with 
great  velocities  shows  that  nearly  all  classes  are  represented  among 
them.  An  interesting  fact,  however,  is  that  the  two  stars  with  the 
largest  velocities  of  all  are  of  types  F3  and  F7,  and  the  two  stars 
succeeding  these  are  of  the  A  type.  The  spectra  of  these  last  stars, 
Lai.  5761  and  Lai.  28607,  arc  both  peculiar  in  that  the  magnesium 
line  X4481  is  either  absent  or  extremely  faint;  while  in  other 
respects  the  spectra  are  of  the  normal  A2  or  A3  type.  The  remark- 
ably high  and  nearly  equal  velocities  for  two  stars  of  nearly  identical 
but  peculiar  spectra  form  a  singular  coincidence.  The  stars  are 
widely  apart  in  the  sky,  and  the  apices  of  their  motions  are  quite 
diflerent.  The  existence  of  high  radial  velocities  among  stars 
having  what  is  generally  considered  an  early  t>-pe  of  spectrum  is 
shown  by  these  results,  although  there  can  be  no  doubt  that  such 
cases  are  rare.     Professor  Campbell  found  no  certain  case  of  a  star 
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with  a  constant  velocity  exceeding  40  km  in  an  investigation  of 
337  stars  having  spectra  between  types  B  and  F4,'  and  in  the 
course  of  our  observations  of  about  350  stars  of  t>pes  B  and  A  we 
have  found  but  one  star  with  a  very  large  constant  velocity.  This 
star  is  7  Sextanlis,  Boss  2647,  and  four  determinations  of  its  velocity 
give  values  of  +97.  +100,  +93,  and  +94  km,  with  a  mean  value 
of  +96  km.  Its  spectrum  is  A3  and  normal  in  all  respects.  The 
proper  motion  is  exceptionally  large  as  well. 

4.  Two  interesting  stars  in  the  list  are  Groom.  34  and  Lai.  21 185. 
both  of  which  have  very  large  proper  motions  and  parallaxes.  The 
motion  of  Groom.  34  is  almost  entirely  across  the  line  of  sight,  but 
Lai.  21 185  shows  the  high  radial  velocity  of  —87  km.  These  stars 
are  among  the  faintest  stars  known,  having  absolute  magnitudes 
of  10.4  and  10.6  respectively,  when  the  unit  of  distance  is  taken  for 
a  parallax  of  o''oi,  or  the  sun  with  a  magnitude  of  5.5.  Their 
spectra  are  both  of  type  Ma. 

5.  The  physical  connection  of  two  pairs  of  double  stars  in  the 
list  is  almost  certainly  established  by  the  radial  velocities.  These 
are  Lai.  18115,  where  the  components  have  a  separation  of  20", 
and  Groom.  2789,  with  a  separation  of  10".  The  spectra  of  the  two 
components  are  identical  in  each  case.  These  stars  belong  to 
what  is  frequently  known  as  the  61  Cygni  type  of  double  stars.  A 
peculiar  case  is  that  of  02  298  and  W.B.  i5''720,  which  are  distant 
over  2'  from  each  other,  but  show  common  proper  motions  and 
equal  radial  velocities  of  —71  km.  By  a  singular  coincidence  the 
direction  of  motion  of  these  stars  in  space  is  almost  exactly  opposite 
to  that  of  the  sun.  Of  the  other  stars  in  the  list  only  one,  32  Lyncis, 
has  a  direction  of  motion  which  is  approximately  parallel  to  that  of 
the  sun. 

Mor.VT  Wilson  Solar  Observ.\tory 
December  8,  19 13 

'  Stellar  Motions,  p.  198. 


SOME  PYRHELIOMETRIC  OBSERVATIONS  ON 
MOUNT  WHITNEY 

By  a.  K.  Angstrom  and  E.  H.  Kennard 

In  the  summer  of  19 13  an  expedition  supported  by  a  grant 
from  the  Smithsonian  Institution  proceeded  to  CaHfornia  in  order 
to  study  the  nocturnal  radiation  under  different  atmospheric 
conditions.  In  connection  with  these  investigations  we  had  an 
opportunity  to  measure  the  intensity  of  the  solar  radiation  during 
seven  clear  days  on  the  summit  of  Mount  Whitney  (4410  m). 
These  measurements  were  made  for  different  air  masses  and 
include  observations  of  the  total  radiation  and  of  the  radiation  in 
a  special  part  of  the  spectrum,  selected  by  means  of  an  absorbing 
screen,  as  has  been  proposed  by  K.  Angstrom."  Our  paper  will 
present  the  results  of  the  observations  and  a  computation  from  them 
of  the  solar  constant. 

INSTRUMENTS 

The  observations  were  made  with  Angstrom's  pyrheliometer 
No.  158.  W'ith  this  instrument  the  energy  of  the  radiation  falling 
upon  the  exposed  strip  is  given  in  calories  per  square  centimeter 
per  minute  by  the  relation  I  =  kC\  where  C"  is  the  compensating 
current  sent  through  the  shadowed  strip,  and  ^  is  a  constant  which 
was  determined  for  this  instrument  at  the  solar  observatory  of  the 
Physical  Institute  in  Upsala  and  found  to  be  13.58.''  The  com- 
pensating current  was  furnished  by  4  dry  cells,  which  proved 
entirely  suited  to  the  purpose.  It  was  measured  by  a  Siemens 
and  Halske  milliammeter.  For  further  details  of  the  instrument 
and  the  method  of  using  it,  we  refer  to  the  original  paper.' 

The  absorbing  screen,  used  in  order  to  study  a  limited  part 
of  the  spectrum,  was  composed  of  a  water  cell,  in  which  the  water 
layer  had  a  thickness  of  i  cm,  and  a  colored  glass  plate.  Schotl 

■  Xova  Ada  Keg.  Soc,  Sc.  i'psal.,  Ser.  IV,  i,  ,N'o.  7. 

'  .\  comparison  made  at  ihc  Smithsonian  Institution  in  Washington  showod  that 
the  readings  of  this  instrument  arc  4.57  per  cent  lower  than  the  Smithsonian  scale. 
>  Aslropliysicttl  Journal,  g.  332,  iSqq. 
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and  Genossen.  436'".  the  thickness  of  which  was  2.53  mm.  The 
transmission  of  the  combination  for  different  wave-lengths  as  pre- 
viously detennined  at  Upsala  by  Mr.  A.  K.  Angstrom  is  given  in 
Fig.  I.  The  maximum  of  transmission  occurs  at  wave-length 
o.  526  ;u.  and  85  per  cent  of  the  transmitted  light  is  included  between 
0.484  n  and  0.576  /x. 


4.S  .50  .55 

KiG.  I . — Transmission  curve  of  absorbing  screen 

The  local  time  of  each  observation,  from  w-hich  the  sun's  zenith 
angle  and  finally  the  corresponding  air  mass  was  computed,  was 
determined  from  the  readings  of  three  watches.  Before  and  after 
the  expedition  to  Mount  Whitney,  the  watches  were  compared 
with  the  daily  telegraphic  time  signal  at  Claremont.  California. 
The  time  is  probably  accurate  within  half  a  minute. 

RESULTS 

The  results  are  given  in  Tables  I  and  H.  'labia  I  refers  to  tlie 
measurements  of  the  total  radiation  and  contains:  (i)  the  date, 
(2)  the  local  apparent  time.  (/),  (3)  the  computed  air  mass,  (;h). 
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(4)  readings  of  the  milliammeter,  (i),  (5)  the  total  radiation  com- 
puted from  the  readings.  Table  II  contains  the  same  quantities 
relating  to  measurements  taken  with  the  absorbing  screen. 

Bemporad's'  expression  for  the  air  mass  in  terms  of  the  apparent 
zenith  angle  was  employed.  His  values  for  60°,  70°,  80°,  and  85° 
were  available  in  a  short  table  given  by  F.  Lindholm.'  The 
ditTerences  between  these  values  and  the  secant  of  the  angle  give 


TABLE  I 

Measlremexts  of  Total  R.\diatio.\ 

( 

m 

Milliamp. 
XJ 

Qm 

cal. 

crn'roin. 

August    2 

6''34'!'2 

3  337 

100.  I 

1 .  224 

6  49 

2 

2.872 

102.5 

1.287 

7  30 

7 

2.088 

106.3 

1.381 

813 

2       1         1.657 

108.8 

1.446 

9  20 

7 

1.299 

III. 3 

I. 514 

.-Vufrusi    4 

6  28 

3 

3.630 

99  4 

1 .202 

6  58 

8 

2.672 

104.0 

1.322 

7     6 

8 

2.501       j       104. 1 

1-325 

8    4 

3 

1. 741       1       108.6 

1.441 

9    6 

8 

1.359    ;     II0.5 

I  493 

II    0 

3 

I . 089         I I I . 7 

1.520 

II     8 

8 

I . 08 I     1     II 2 . 0 

1-533 

.VugUSl       5,  A.M 

6  29 

7  2 

5 
0 

3.608          97.8 
2.616    1     103.0 

1 .  169 
1 .  296 

748 

0 

1.906    ^     107.0 

1  399 

8  59 

0 

1.397    1    "0.6 

1  495 

10    0 

5 

1 .  190         tji.i 

1.508 

August    5,  i*.M 

2    0 

3 
3 

I. 193         III. 2 
1. 410         109.5 

1.511 
I  465 

3    3 

4    4 

3 

1.830         106.3 

1.381 

4  33 

8 

2.185    '     104.2 

1 .326 

5    4 

8 

2.783         100. 1 

1 .  224 

5  24 

3 

3-377 

96.6 

1.141 

.August  10 

633 

7    3 

0 

3  630 
2.681 

95.6 
100.5 

1.117 

0 

I  -235 

756 

5 

1.857 

105 -5 

1.360 

Auiiust  II 

6  27 
6  54 

I 

3-952 
2.914 

96.9 
101 .9 

1 .  147 

6 

1 .269 

7  40 

I 

2.053 

106.0 

1  373 

841 

b 

1.514 

109-3 

1 .460 

10  13 

I 

1. 177 

III  .7 

1-525 

August  12.. 

6  26 

6 

4.018 

9$.  I 

1.176 

6  59 

I 

2.817 

103.6     ■ 

1.312 

7  55 

I 

1.889 

108.5 

I   439 

857 

I 

'■435 

III.  t 

1.509 

1043 

6 

1. 127 

H30 

1 .  56 1 

'  Miltcittingcn  der  Grossherzogticlien  Sicniwaric  zii  HciJclhcri;.  No.  4,  1904. 
'  Nova  Ada  Reg.  Soc,  Sc.  I'psal.,  Ser.  IV.  3.  No.  6. 
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TABLE  II 
Measurements  with  Absorbing  Screen 


August    4 . 


August    5,  A.M. 


August     s,  P.M. 


August    g 
August  lo 

.August  II 

.\ugUSt   12 


6''i8"!'2 

6  54- 7 

7  25-7 

8  22.7 

831.7 

9  IS  2 
6  16.8 

6  36.3 

7  II. 8 

8  9  3 

9  19  3 
II  13  3 

6  17.0 
6  36.0 

8  3.5 

9  5  5 

10  7.0 

2  6.8 

3  12.8 

4  11.8 

4  40.3 

5  IO-3 

5  3°  3 

6  14.4 

6  33  9 

11  38.9 
621.5 
638.0 

7  8.0 

8  2.0 
8  6.0 
6  14.6 

6  33-6 

7  0.1 

7  45   I 

8  51. 1 
10  18.6 

6  13. 1 

6  34- 1 

7  S-i 

8  3-6 

9  2.6 
10  52.6 


044 

104 

733 

114 

158 

122 

589 

125 

530 

126 

319 

128 

204 

103 

316 

112 

406 

118 

699 

125 

311 

128 

077 

129 

237 

101 

352 

108 

755 

123 

368 

127 

175 

129 

20Q 

129 

457 

126 

907 

122 

287 

118 

928 

114 

615 

106 

607 

96 

559 

103 

126 

128 

211 

100 

428 

106 

570 

113 

804 

122 

767 

122 

716 

102 

641 

107 

770 

114 

992 

122 

462 

127 

166 

129 

895 

99 

656 

loS 

671 

116 

804 

123 

409 

128 

115 

131 

0.0371 
0.0442 
0.0505 
0.0534 
0.0546 
0.0562 

0.0361 
o . 04  26 
o . 0480 
o  0533 

00556 
0.0573 

o  0352 
0.0402 
o  0515 

0.0554 
0.0568 

0.0567 

00545 
0.0509 
0.0475 
o . 044 1 

0.0386 
0.0313 
0.0363 
0.0563 
0.0344 
0,0387 

o  0439 
0.0508 
0.0505 
0.0356 
0.0395 
0.0445 
0.0507 
0.0549 
0.0573 
o  0333 

0.0397 
0.0459 
0.0517 
00557 
0.05S7 


the  (negative)  corrections  to  be  applied  to  the  secants  of  these 
angles.  Through  these  values  of  the  correction  an  algebraic  curve 
of  4  terms  was  passed  and  the  correction  was  then  calculated  for 
other  angles.  In  obtaining  the  apparent  zenith  angle,  allowance 
was  made  for  refraction. 
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GENERAL  DISCUSSION  OF  THE  EMPIRICAL  METHODS  FOR  COMPUTING 
THE    SOLAR   CONSTANT 

Empirical  methods  for  determining  the  solar  constant  from 
j)yrheliometric  measurements  alone  have  been  proposed  b\'  K. 
Angstrom'  and  by  Fowled  Both  these  methods  are  based  upon 
results  obtained  from  spectrobolometric  observations.  Angstrom's 
method  assumes  that  from  Abbot  and  Fowle's  observations  we 
know  both  the  distribution  of  energy  in  the  sun's  spectrum  and  the 
general  transmission  of  the  atmosphere  for  all  wave-lengths  in 
terms  of  its  value  for  any  given  wave-length.  It  assumes  further 
that  the  absorption  caused  by  the  water-vapor  is  a  known  function 
of  the  water- vapor  pressure  at  the  earth's  surface;  for  this  Ang- 
strom proposed  an  empirical  formula  based  upon  his  spectrobolo- 
metric curves.  The  influence  of  diffusion  and  absorption  can  then 
be  calculated  if  the  transmission  for  some  chosen  wave-length 
is  known  from  p\rheli()mctric  observations  on  a  limited  part  of 
the  spectrum. 

Fowle's  method  is  much  briefer.  He  plots  the  logarithms  of 
the  observations  against  the  air  masses  and  extrapolates  to  air- 
mass  zero  by  means  of  the  straight  line  that  best  fits'  the  points. 
To  the  "apparent  solar  constant"  thus  obtained  he  applies  an 
empirical  correction  depending  upon  the  locality,  and  derived 
from  local  spectrobolometric  observations. 

Since  these  methods  are  founded  upon  the  spectrobolometric 
method,  one  may  ask,  what  is  the  justification  for  using  them 
instead  of  the  latter  ?  Can  they  be  expected  to  give  something 
more  than  the  method  upon  which  they  are  founded  ?  To  the 
first  question  one  may  reply  that  the  justification  lies  in  their 
simplicity,  which  makes  it  possible  to  apply  them  under  a  wide 
range  of  conditions  where  the  more  cumbersome  bolometric  method 
could  never  be  used.  A  spectrobolometric  investigation,  like  that 
of  Abbot  on  Mount  Whitney  in  iqio,  will  probably  always  be  a 
rare  event.  But  especially  in  regard  to  the  question  of  solar 
variability  it  is  desirable  that  the  number  of  simultaneous  observa- 
tions be  large  and  extended  to  as  high  altitudes  as  possible. 

'  Xova  Ada  Reg.  Soc,  Sc.  I'psal.,  Ser.  IV,  i.  No.  7. 

'  Annals  of  llic  Aslrophysical  Observatory,  Smilltsoniaii  Iiisl.,  2,  1 14. 
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The  second  question,  whether  the  abridged  methods  can  ever 
deserve  the  same  confidence,  or  even  in  rare  cases  give  greater 
accuracy  then  the  spectrobolometric  observations,  is  one  that  must 
be  answered  rather  through  experimental  results  than  through 
general  considerations.     Here,  however,  two  points  may  be  noted. 

The  first  is,  that  the  spectrobolometric  method,  which  under 
ideal  conditions  is  naturally  superior  to  any  abridged  method,  is 
in  all  practical  cases  a  method  involving  a  large  number  of  pre- 
cautions, some  of  which  are  very  difficult  to  take.  The  abridged 
methods,  founded  as  they  are  upon  mean  values,  may  possibly 
under  special  conditions  avoid  accidental  errors  to  which  single 
spectrobolometric  series  are  subjected. 

Secondly,  it  may  be  noted,  that  even  in  the  analytical  method 
of  bolometry,  there  arises  some  uncertainty  in  regard  to  the  ordi- 
nates  of  the  bolometric  curve,  corrected  for  absorption,  at  the  points 
where  absorption  bands  are  situated.  This  causes  an  uncertainty 
in  the  water-vapor  correction  in  this  method  as  well  as  in  the 
abridged  methods  founded  upon  it. 

The  methods  just  discussed  lead  to  a  numerical  value  for  the 
solar  constant.  But  the  measurements  in  a  selected  part  of  the 
spectrum  lead  also  to  a  direct  test  of  solar  v'ariability,  which  seems 
likely  to  be  especially  valuable  because  these  observations  are 
not  affected  by  aqueous  absorption. 

MEASUREMENTS    WITH    .ABSORBING    SCREEN 

We  may  put: 

I  =  I„e-<"' 

where  /„  is  the  energy  transmitted  through  the  absorbing  screen 
at  the  limit  of  the  atmosphere,  /  is  its  value  after  passing  through 
the  air  mass  m.  and  7  is  a  constant  dependent  upon  the  scattering 
power  of  the  atmosphere.  If  now  we  plot  log  /  against  m.  the 
points  should  lie  on  a  straight  line,  whose  ordinate  for  m  =  o  is 
log  /„. 

The  values  of  /„  thus  obtained  from  our  ob.servations  are  given 
under  the  heading  /„  in  Table  III.  The  straight  lines  were  run  by 
the  method  of  least  squares,  not  so  much  because  the  presupposi- 
tions of  this  method  seemed  here  to  be  satisfied,  as  because  thereb\- 
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all  personal  bias  was  eliminated.  The  "probable  error"  c  of  each 
value  of  /„  is  appended  as  a  rough  indication  of  its  reliability, 
and  the  weighted  mean  /„  is  given  at  the  bottom  of  the  table. 
A  comparison  between  the  different  values  of  /„  shows  that  they 
all  differ  by  less  than  2  per  cent;  half  of  them  by  less  than  §  per 
cent,  from  the  mean  value.  The  deviation  falls  as  a  rule  within 
the  limits  of  the  probable  error. 

This  result  thus  fails  to  support  the  variabilit\-  of  the  sun 
inferred  by  Abbot  from  simultaneous  observations  at  Bassour 
and  Mount  Wilson.  We  cannot,  however,  with  entire  safetj' 
draw  any  conclusions  about  the  total  radiation  from  measurements 
in  a  limited  part  of  the  spectrum.  All  that  can  be  said  with  cer- 
tainty is  that  a  change  of  the  energy  in  the  green  part  of  the  solar 
spectrum  exceeding  2  per  cent  during  the  period  of  our  observations 
is  improbable. 

If  we.  from  this,  are  inclined  to  infer  that  the  total  solar  radia- 
tion during  the  same  period  was  constant,  this  inclination  rests 
upon  a  statement  by  Abbot'  himself  to  this  effect:  "So  far  as  the 
observations^  may  be  trusted,  then,  they  show  that  a  decrease  of 
the  sun's  emission  of  radiation  reduces  the  intensitj-  of  all  wave- 
lengths; but  the  fractional  decrease  is  much  more  rapid  for  short 
wave-lengths  than  for  long." 

Yet  unpubUshed  measurements  by  Mr.  A.  K.  Angstrom,  in 
Algeria  at  1160  m  altitude,  give  a  mean  value  for  /„  equal  to  0.0708 
which  is  in  close  agreement  with  the  value  0.0702  given  above. 
On  the  former  occasion  Mr.  Abbot's  spectrobolometric  observations 
gave  a  mean  value  for  the  solar  constant  of  1.945.  If  we  assume 
the  energy  transmitted  by  our  green  glass  on  Mount  Whitney  to 
bear  the  same  ratio  to  the  total  energy,  the  Mount  Whitney  observa- 
tions give  a  value  for  the  solar  constant  reduced  to  mean  solar 
distance  equal  to  i  .029.  which  differs  l)y  less  than  1  i)er  cent  from 
the  former  value. 

ME.ASUKEMEXTS    OF    THE    TOT.VL    R.\DI.\TION 

The  general  basis  of  the  Angstrom-Kimball  method  of  calcula- 
tion has  already  been  described.     It  is  here  convenient  to  make 

■  Annals  of  the  Astropltysical  Observatory,  Smillisoiiian  Inslitiilinn.  3,  13.?,  1013. 
'Observations  at  Bassour  and  .\fonnl  Wilson,  iqii-ioi;. 
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use  of  the  spectrum  of  constant  energy  introduced  by  Langley, 
where  the  abscissa  represents  the  energy  included  between  an 
extreme  (ultra-violet)  wave-length  and  the  wave-length  correspond- 
ing to  the  abscissa;  the  energy-density  plotted  as  ordinate  would 
then  be  constant.  A  table  giving  wave-lengths  and  corresponding 
abscissae  is  given  by  Kimball." 

Referred  to  such  a  spectrum,  the  atmospheric  transmission  v.t 
for  any  wave-length  is  well  represented  by  the  empirical  formula 

_V.,  =  /,n.«.v""'*<«'  (l) 

where  x  is  the  abscissa,  m  the  air  mass,  and  5  a  quantity  dependent 
upon  the  scattering  power  of  the  atmosphere.  Angstrom  made 
the  natural  assumption  4>{h)  =  b.  Kimball^  finds  that  <^(5)=i  5 
better  fits  the  observations  at  Washington  and  Mount  Wilson, 
In  the  latter  case  we  have, 

p  =  o  q},  ,  H  =  o.  18 

Making  these  substitutions  in  (i)  and  integrating. 


Q.  =  Q.     °'' 


i-|-o  i8w)    s' 

Kimball  then  adds  an  empirical  correction  for  the  absorption 
due  to  water-vapor,  based  upon  bolometric  measurements  at 
Washington  and  at  Mount  Wilson,  and  finally  obtains 

Q°=        o  or' ^ ^'^ 

- '- ^  —  (o  06 1  —  o  oo8d-(-o  01 2E„ni] 

where  £„  represents  the  depth  in  millimeters  to  which  the  earth's 
surface  would  be  covered  by  water  if  all  the  aqueous  vapor  were 
precipitated.  We  have  adopted  this  expression,  but  instead  of 
attempting    to   determine   E„   from    humidity    measurements    at   the 

^Bulletin  oj  llif  Mount  Wcatlur  Ohu-rvalory,  i,  Parts  2  and  4. 
■  Ibid. 
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earth's  surface  we  have  eliminated  it  beliceeii  tu'o  equations  such 
as  (2)  involving  different  air  masses. 

Kimball  eliminates  h  between  two  such  equations.  We  have, 
however,  followed  the  original  method  of  K.  Angstrom  and  have 
determined  6  for  each  day  from  our  measurements  with  the  green 
glass.  The  energy  maximum  of  the  light  transmitted  by  it  lies 
at  0.526JU  (see  Fig.  i)  to  which  corresponds  the  abscissa  0.27  in 
the  constant  energy  spectrum.  Hence  for  the  transmitted  green 
light 

/„  =  /„0.q,r"«0.2  7°  'S'"V« 

from  which  5  can  be  computed.  The  values  of  5  thus  obtained  are 
given  in  Table  III. 

In  order  to  compute  ()„,  a  smooth  curve  was  drawn  through  the 
observ'ations  and  values  of  Q,„  for  m  =  i.  2,  and  3  were  read  otT 
from  the  curve.  These  values  and"  the  value  of  5  for  the  day  were 
inserted  in  (2)  and  E„  then  elim'nated  between  the  first  and  second 
and  the  first  and  third  of  the  equations  thus  obtained.  The 
results  are  given  in  Table  III  under  the  headings  (),,.  Q^^;  the  mean 
of  these  for  each  day  is  given  under  QkX  and  represents  the  solar  con- 
stant as  obtained  for  that  day  by  the  Angstrom-Kimball  method. 

The  mean  value  of  all  the  measurements,  reduced  to  mean  solar 
distance,  is  i •  93 1  cTT^nii.1:  (Angstrom  scale)  or  2.019  (Smithsonian 
scale).     The  maximum  deviation  from  the  mean  is  3  per  cent. 

Finally,  Fowle's  abridged  method  was  applied  to  the  same 
observations.  Sufficient  observations  are  not  available  for  the 
elaboration  of  a  special  correction  suited  to  Mount  Whitney. 
But  from  the  values  of  5,  it  appears  that  the  transmission  over 
Mount  Whitney  was  about  the  same  as  over  Mount  Wilson,  where 
the  average  value  of  5  is  0.25;  and  the  water-vapor  pressure,  the 
most  uncertain  factor,  was  low  (2-4  mm).  Hence  it  may  not  be 
devoid  of  interest  to  apply  here  Fowle's  rule  as  elaborated  for 
Mount  Wilson,  which  is:  To  the  "apparent  solar  constant" 
obtained  by  straight-line  extrapolation  add  2 . 7  per  cent  and  as 
many  per  cent  as  there  are  millimeters  in  the  water-vapor  pressure. 
The  results  thus  obtained  are  given  in  Table  III  under  the  heading 
Qi.-;    the  mean  water-vapor  pressure  is  given  under  [>. 
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TABLE  III 
Final  Results 


P 

i  • 

cal. 

per 

cent 

0.. 

cal. 
cm'  min. 

za.\. 

Qka 

cal. 

Of 

cal. 

cm'  mm. 

cm'  mm. 

cm'  mm. 

August    2 

August    4 

August     5,  A.M.  . 
August    5,  P.M.. 

(30?) 
30 

2.9 

0.30 
0.28 
0.32 
0.32 
(0.39) 
0-33 
0.30 
0.29 

0 . 0689 
0.0678 
0.0683 
0 . 0684 
(0.0688) 
0.670 
0.685 
0.685 

0 
0 
0 
0 

9 
9 
3 

8 

1.904 
1.847 
1. 871 
1.887 

I 
I 
I 
I 

886 
829 
874 
900 

I 
I 
I 

I 

89s 
838 
873 
894 

(1.820) 
1-793 
1.832 
1.87S 

August  10 

August  II 

August  12 

3  4 

2.2 
2  .0 

0 
0 
0 

7 
5 
5 

'1^877' 
1.896 

I 
I 
I 

826 
870 
888 

(I 
I 
I 

826) 
874 
892 

(i .  770) 
I   793 
1.802 

Weighted  mean  /„  =  o  0683 — ^ 
reduced  to  mean  solar  distance  /„  =  o  0702 


cal. 


cm^  mm. 
cal. 


cm-"  mm. 

(Angstrom  scale) 
Mean  reduced  to  mean  solar  distance:  ()a'.4  =  1 -QjiCA.)  , 

=  2.oic)(Sm.) — ^ — '- 


Qf=i.872(A.), 

e.  ic     \      cal. 
=  I   96o(5m.) ; — r 


( )ur  pyrhcliometric  observations  on  the  top  of  Mount  Whitney, 
extending  from  August  2  to  August  12.  1913.  have  led  to  the  fol- 
lowing results: 

1.  A  variation  in  the  solar  constant  amounting  to  more  than 
2  per  cent  during  this  time  is  improbable. 

2.  The  solar  constant  computed  from  the  measurements  in  a 
selected  part  of  the  spectrum,  reduced  to  mean  solar  distance, 
came  out  i  .929  ^.^^^in  (Smithsonian  scale),  with  a  possible  error  of 
1.5  per  cent.  This  value  is  obtained  on  the  assumption  that  the 
energy  included  between  0.484  \jl  and  0.576  ju  is  a  constant  known 
fraction  of  the  total  energy  in  the  solar  spectrum. 

3.  The  solar  constant  computed  by  the  Angstrom-Kimball 
method  was  found  to  be  2.019  cmMnin.  (Smithsonian). 
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4.  The  solar  constant  computed  according  to  Fowle's  method 
comes  out  i  .960  ^^!^jain.  (Smithsonian). 

The  value  of  the  solar  constant  gi\-en  in  (2)  is  in  close  agree- 
ment with  Abbot's  mean  value  of  1.932  obtained  from  several 
series  of  observations  made  during  the  years  1902-1912  at  m.uch 
lower  altitudes  (e.g.,  at  ii6om  in  Algeria).  The  value  given  in 
(3)  is  also  in  close  agreement  with  the  solar  constant  computed  by 
Kimball  according  to  the  same  method  from  measurements  at 
Washington.  Consequently  our  observations  give  no  support  to 
a  value  of  the  solar  constant  greatly  exceeding  2  cm-min.  • 

Because  of  their  bearing  upon  the  question  of  solar  variability, 
it  seems  desirable  that  the  observations  in  selected  parts  of  the 
spectrum  by  means  of  absorbing  screens  should  be  extended  to 
different  localities,  and  that  if  possible  simultaneous  measurements 
at  elevated  stations  should  be  undertaken. 

Cornell  University 
December  1913 
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During  the  last  two  or  three  years  evidence  that  the  faint  stars 
are  appreciably  redder  than  the  brighter  objects  has  gradually 
been  accumulating.  Kapteyn  has  found,  for  example,  that  certain 
clusters  are  distinctl}-  redder  than  bright  stars  whose  spectra  are 
the  same  as  the  average  spectrum  of  the  clusters  with  which  they 
were  compared.  A  similar  result,  although  complicated  with 
photographic  phenomena,  is  indicated  by  Mount  Wilson  photo- 
graphs of  faint  stars  made  with  red  and  blue  filters.  Perhaps  the 
most  recent  contribution  is  that  of  Hertzsprung.''  who  has  photo- 
graphed numerous  regions  with  a  large  grating  attached  to  the  tube 
of  the  6o-inch  reflector.  The  results  for  N.G.C.  1647  ^^^  striking. 
From  the  ninth  magnitude  on  there  is  a  gradual  increase  in  the 
effective  wave-length.  At  magnitude  14.5  its  minimum  value  is 
X4320.  If  this  result  is  interpreted  in  terms  of  spectral  type,  it 
means  that  for  the  region  considered  there  are  no  stars  of  this 
magnitude  whose  spectra  are  earlier  than  Fo.  Other  considerations 
which  need  not  be  discussed  here  all  point  in  the  same  direction. 

It  is  important  that  the  question  should  be  investigated  further, 
for  other  regions  and  for  still  fainter  stars,  and  preferably  by 
independent  methods.  A  simple  method  of  attack  is  the  direct 
formation  of  color  indices  by  comparing  visual  and  photographic 
magnitudes.  If  the  faint  stars  are  redder  than  the  bright  stars, 
this  fact  must  immediately  be  revealed  by  a  difference  in  the  average 
index  for  the  two  groups.  Should  blue  or  white  stars  be  rare  or 
altogether  lacking  among  the  fainter  objects,  we  shall  find  no 
negative  and  possibly  no  small  positive  color  indices. 

Although  simple  in  principle,  the  method  is  exacting  in  its 
demands,  for  both  visual  and  photographic  magnitudes  must  be 
determined  independently  in  accordance  with  an  absolute  scale. 

'  Conlribiilions  from  the  Mount  Wilson  Solar  Observatory,  No.  8i.  Read  at  the 
sixteenth  meeting  of  the  .\stronomical  and  .\slrophysical  Society  of  /Vmerica,  Atlanta, 
January  19 14. 

'■'Annual  Report  of  the  Director  of  the  Mount  Wilson  Solar  Observatory," 
Year  Book  of  llie  Carnegie  Inslilulion  of  Washington,  No.  12. 
361 
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Moreover,  careful  attention  must  be  given  to  the  zero  points,  as 
an  error  in  either  of  those  enters  directly  into  the  color  index.  So 
far  as  a  change  in  color  with  increasing  magnitude  is  concerned, 
such  an  error  is  of  no  consequence.  But  to  determine  the  actual 
degree  of  color,  the  zero  points  must  be  established  in  a  definite 
relation  to  each  other — preferably  that  already  fLxed  by  inter- 
national convention,  which  requires  that  the  photographic  and 
visual  magnitudes  of  stars  of  spectrum  Ao  between  5 . 5  and  6 . 5 
on  the  Harvard  scale  shall  be  equal.  Since  we  desire  color  indices 
for  very  faint  stars — let  us  assign  temporarily  magnitude  17.5 
as  a  limit — we  must  establish  absolute  photographic  and  visual 
scales  over  an  interval  of  at  least  twelve  magnitudes. 

A  natural  point  of  beginning  is  the  North  Polar  Sequence, 
for  which  two  determinations  of  the  photographic  scale  are  already 
available — one  made  under  the  direction  of  Professor  Pickering 
at  the  Harvard  Observatory,  the  other  from  observations  at  ]\Iount 
Wilson.  With  the  exception  of  a  divergence  of  about  0.4  mag. 
between  the  sixth  and  the  tenth  magnitudes,  the  agreement  is 
very  satisfactory.  In  addition,  Pickering  has  determined  the 
visual  magnitudes  of  the  stars  brighter  than  about  thirteen.  The 
essential  thing  remaining,  therefore,  is  the  extension  of  the  \'isual 
scale  to  the  fainter  stars. 

This  has  been  done  photographically  with  the  60-inch  reflec- 
tor, using  isochromatic  plates  and  a  yellow  filter.  The  scale  has 
been  established  by  diaphragms,  the  methods  of  observation  and 
reduction  being  the  same  as  those  previously  emploj-ed  for  the 
determination  of  the  photographic  scale."  The  zero  point  was  de- 
termined from  nine  stars  between  9.84  and  13.94  for  which  visual 
magnitudes  are  given  in  H.C.,  No.  170.  As  a  control,  the  bright 
stars  of  the  sequence  between  the  fifth  and  seventh  magnitudes  were 
directly  connected  with  fainter  stars  between  magnitudes  twelve 
and  thirteen.  Here  the  method  was  the  same  as  that  used  in 
deriving  the  i)hott)grai)hic  magnitudes  for  the  brighter  stars 
described  in  Contribution  No.  70.  The  results  of  the  control 
observations  were  most  satisfactory,  and  confirm  the  relation  of 

'  Contributions  from  llic  Mount  Wilson  Solar  Observatory,  Xos.  70,  80;  Astro- 
physical  Journal,  38,  241,  iQij;   39,  ,507,  1914. 
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the  Harvard  visual  magnitudes  between  twelve  and  thirteen  to 
those  near  the  sixth  magnitude.  There  can  scarcely  be  any 
question,  therefore,  as  to  the  substantial  accuracy  of  the  \-isual 
scale  as  far  as  the  thirteenth  magnitude.  Beyond  this  point,  as 
already  stated,  the  same  methods  were  used  as  had  been  successfully 
employed  for  the  photographic  scale  of  the  fainter  stars.  The 
separate  determinations,  of  which  there  are  five,  are  all  closely 
accordant,  and  aside  from  the  relatively  small  amount  of  observa- 
tional data,  there  seems  to  be  no  more  reason  to  fear  systematic 
errors  here  than  there. 

Briefly,  the  question  of  scales  stands  thus,  reference  throughout 
being  to  the  international  zero  point.  For  the  brighter  stars  there 
is  a  linear  divergence  between  the  Harvard  and  Mount  Wilson 
photographic  scales,  which  at  the  tenth  magnitude  amounts  to 
0.37  mag.  From  10  to  15.5  the  scales  are  parallel,  the  Harvard 
magnitudes  being  brighter  than  the  Mount  Wilson  values.  Beyond 
15.5  there  is  again  a  small  divergence,  unimportant  for  the  moment, 
as  it  does  not  ati'ect  the  general  character  of  the  result.  The 
Harvard  visual  magnitudes  from  12  to  13  are  confirmed  in  their 
relation  to  the  international  zero  point  and  the  Mount  Wilson 
extension  of  the  visual  scale  to  the  seventeenth  magnitude  is  pre- 
sumably reliable,  as  it  has  been  established  by  tested  methods. 
Any  change  in  the  .average  calculated  color  index  between  the 
tenth  and.  seventeenth  magnitudes  should  therefore  be  reliable 
to  the  same  degree,  although  the  absolute  amount  of  the  index 
may  be  uncertain  by  reason  of  the  constant  difference  which  arises 
from  the  divergence  between  the  sixth  and  tenth  magnitudes 
previously  referred  to.  The  question  of  this  difference  will  be 
discussed  presently. 

In  the  meantime  attention  is  directed  to  the  upper  portion  of 
Fig.  I  which  illustrates  the  distribution  of  the  color  indices  for 
the  region  of  the  Pole.  In  order  that  the  results  might  be  repre- 
sentative, as  many  stars  as  possible,  107  in  all.  were  included. 
The  distances  of  the  points  from  the  axis  are  proportional  to  the 
indices  of  the  individual  stars  whose  photographic  magnitudes  are 
indicated  in  the  margin.  In  calculating  the  indices  Mount  Wilson 
photographic  magnitudes  were  used  throughout.     For  stars  brighter 
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than  ten  the  visual  magnitudes  were  taken  from  H.C..  No.  170. 
For  all  the  fainter  stars  Mount  Wilson  photovisual  magnitudes 
were  used. 

A  possible  variation  in  the  average  color  index  is  obscured  by 
the  sporadic  appearance  of  stars  of  high  intrinsic  color;  but  the 
gradual  and  regular  increase  in  the  minimum  value  indicated  by 
the  curve  bounding  the  lower  edge  of  the  field  of  points  is  clearh- 
indicated.  From  the  sixth  to  the  seventeenth  magnitudes  the 
change  is  fn)m  —0.1  to  +0.6  mag.  In  reality  the  variation  prob- 
ably is  greater,  for  the  brighter  objects  form  a  selected  group. 
They  include  only  polar  sequence  stars,  and,  with  the  e.xception 
of  a  few  red  stars,  are  almost  wholly  of  the  A  type.  No  early 
B-type  stars  appear;  but  in  considering  the  change  in  the  minimum 
index  we  must  take  them  into  account,  for  their  non-appearance 
is  doubtless  due  to  a  restriction  in  the  choice  of  objects  to  be  used 
as  standards.  On  the  other  hand,  the  faint  stars  are  so  numerous 
that  they  must  be  fairly  representative,  and  it  is  improbable  that 
any  increase  in  the  field  would  modify  their  minimum  index. 
Since  the  color  index  of  bright  Bo  stars  is  about  —0.4  mag.,  the 
real  change  in  the  minimum  index  between  the  sixth  and  seven- 
teenth magnitudes  is  probably  about  one  magnitude.  Beyond  the 
fifteenth  magnitude  there  appear  no  stars  with  indices  less  than 
+0.5  mag.  Inferentially  their  spectra  would  be  at  least  F2.  Had 
the  Harvard  photographic  magnitudes  been  used,  the  bounding 
curve  would  have  coincided  with  the  a.xis  for  the  brighter  objects, 
since  the  Harvard  visual  and  photographic  scales  coincide  for  A-type 
stars;  below  the  tenth  magnitude  the  two  photographic  scales  are 
parallel,  and  the  characteristic  variation  would  have  appeared, 
although  all  the  color  indices  would  have  been  smaller  by  o.  37  mag. 

This  very  considerable  modification  of  the  result  raises  again 
the  question  of  the  divergence  of  the  Harvard  and  Mount  Wilson 
photographic  scales  for  the  brighter  stars.  As  a  possible  source 
of  explanation  my  attention  has  been  called  to  the  following  sen- 
tence in  ri.C  No.  170.  relating  to  the  method  used  in  deriving 
the  Harvard  photographic  magnitudes: 

An  absolute  scale  of  magnitudes  was  derived  separately  from  each  of 
about  80  plates  taken  by  the  above  methods,  the  starting  point  in  ever>'  case 
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being  the  mean  photometric  magnitude  of  such  stars  in  the  Polar  Sequence 
given  in  Table  I,  as  were  measured  on  that  plate. 

This  statement  seems  to  imply  that  the  zero  point  of  the  photo- 
graphic scale  has  been  based  upon  photometric,  that  is,  visual 
magnitudes.  As  long  as  the  visual  standards  used  are  near  the 
sixth  magnitude,  this  means  only  the  adoption  of  the  international 
zero  point.  Nor  for  fainter  stars  would  there  be  any  difficulty 
in  using  visual  standards  were  it  certain  that  the  visual  and  photo- 
graphic scales  for  any  given  type  of  spectrum  coincided.  This, 
however,  appears  not  to  be  the  case.  Adams,'  for  example,  finds 
striking  evidence  that  stars  of  the  same  spectral  type  may  show  a 
very  difTerent  distribution  of  intensity  in  the  continuous  spectrum 
background.  The  color  indices  in  such  cases  must  be  different, 
and  the  scales  which  express  the  corresponding  visual  and  photo- 
graphic magnitudes  cannot  coincide.  Again,  the  curve  for  the 
minimum  color  index  indicates  that  the  scales  do  not  coincide 
even  for  the  whitest  stars. 

This  being  the  case,  it  follows  that  visual  standards  other 
than  those  near  the  sLxth  magnitude  will  not  give  reliable  results 
for  the  zero  point  of  the  photographic  scale.  If  now,  as  the  above 
quotation  seems  to  indicate,  visual  standards  were  used  whenever 
possible,  the  result  would  be  a  necessary  coincidence  of  the  visual 
and  photographic  scales,  at  least  for  the  white  stars.  For  an 
individual  plate  the  divergence  assumed  to  exist  between  the  true 
scales  might  appear;  but  when  the  results  for  plates  covering 
different  intervals  were  combined  the  overlapping  portions  would 
cause  the  divergence  to  disappear  from  the  mean  and  produce  an 
apparent  coincidence.  The  photographic  zero  points  for  the 
Mount  Wilson  plates,  on  the  other  hand,  were  found  by  a  process 
equivalent  to  a  direct  comparison  with  stars  near  the  sixth  magni- 
tude.^ If  the  interpretation  of  the  quotation  from  U.C.,  No.  170 
is  correct,  the  two  photographic  scales  could  not  agree  unless 
the    true    photographic    and    visual    scales    for    the    white    stars 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  78;  Astrophysical 
Journal,  39,  89,  1914. 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  70;  Astrophysical 
Journal,  38,  241,  1913. 
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coincide.  The  latter  alternative,  as  already  pointed  out.  seems  to 
be  excluded. 

This  explanation  also  accounts  for  the  disappearance  of  the 
divergence  between  the  Harvard  and  Mount  Wilson  photographic 
scales  near  the  tenth  magnitude.  Beyond  thirteen  there  is  but  one 
visual  magnitude  for  a  white  star  given  in  H.C.,  No.  170,  so  that 
for  the  fainter  stars  photographic  standards  presumably  were  used 
for  the  determination  of  the  zero  point.  Moreover,  any  divergence 
between  the  true  visual  and  photographic  scales  would  begin  to 
show  at  a  point  some  two  magnitudes  or  so  above  this  limit  owing 
to  the  absence  of  a  smoothing  efTect  in  the  lower  part  of  the  interval 
covered  by  the  plates  on  which  the  faintest  visual  standards  were 
used.' 

One  further  point  recjuires  mention.  Reference  has  been  made 
to  a  divergence  between  the  two  photographic  scales  beyond 
magnitude  15.5.  The  ]\Iount  Wilson  results  in  this  region  are 
still  uncertain,  as  they  are  based  upon  stars  at  the  limit  of  visibility. 
Had  the  Harvard  values  been  used,  the  upward  trend  of  the  bound- 
ing curve  would  have  been  even  greater  than  that  shown.  The 
curve  itself,  however,  is  probably  not  greatly  in  error,  for  if  the 
Mount  Wilson  photographic  magnitudes  are  here  systematically 
too  bright,  it  is  likely  that  a  similar  error  affects  the  visual  mag- 
nitudes. Plates  of  longer  exposure  will  be  required  to  settle  the 
point. 

■  During  the  discussion  following  the  reading  of  the  paper  tlie  following  state- 
ment by  Miss  Leavitt  was  presented  by  Professor  Pickering: 

"The  magnitudes  of  stars  in  the  Polar  Sequence  were  originally  reduced  in  accord- 
ance with  the  statement  in  H.C.,  No.  1 70,  as  quoted  by  Professor  Seares,  the  zero  point 
for  each  plate  being  made  to  coincide  with  the  photometric  magnitudes  of  stars 
measured  on  that  plate.  In  order  to  avoid  any  error  involved  in  employing  stars 
other  than  those  near  the  si.\th  magnitude,  a  new  reduction  was  made,  which,  however, 
gave  magnitudes  identical  with  those  in  H.C.,  Xo.  170.  For  each  of  the  20  groups, 
first  differences  between  the  magnitudes  of  successive  stars  were  taken.  Adding 
together  the  means  of  these  differences  gave  a  scale  of  magnitudes  which  was  the  mean 
of  the  20  individual  scales,  and  independent  of  the  photometric  scale.  These  magni- 
tudes were  then  reduced  to  a  zero  point  depending  on  the  photometric  magnitudes 
of  stars  of  Class  .\  between  the  magnitudes  5 . 5  and  65.  The  resulting  magnitudes, 
as  has  been  stated,  coincided  with  the  magnitudes  in  H.C.,  Xo.  170." 

This  apparently  leaves  the  question  of  the  divergence  between  the  Harvard  and 
Mount  Wilson  photographic  scales  foi  the  brighter  stars  still  unexplained. 
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If  the  systematic  change  of  color  with  magnitude  be  regarded 
as  established,  it  becomes  at  once  a  matter  of  interest  to  determine 
whether  the  change  is  the  same  for  all  parts  of  the  sky.  For  a 
preliminary  examination  several  regions  have  been  photographed 
and  partial  results  for  one,  the  field  of  the  variable  S  Cygni,  are 
also  given  in  Fig.  i.  The  2co  color  indices  shown  are  based  upon 
photographic  and  visual  magnitudes  obtained  by  comparisons  with 
the  Pole.  The  mean  of  three  plates  was  used  for  each  scale,  and 
the  accordance  between  the  separate  comparisons  is  good  through- 
out. Diaphragm  plates  on  5  Cygni  for  the  determmation  of  the 
magnitudes  of  the  fainter  stars  were  also  made,  but  these  have 
not  yet  been  reduced. 

It  will  be  observed  that  the  curve  of  minimum  index  is  here 
the  same  as  for  the  polar  region,  and  it  is  of  interest  to  note  how 
sharply  the  limit  is  defined  for  the  lower  end  of  the  scale  where 
the  stars  are  numerous.  The  sudden  increase  in  the  minimum 
index  beyond  magnitude '15.5  is  probably  apparent,  and  means 
only  that  stars  with  smaller  indices  are  too  faint  visually  to  appear 
on  the  plates  measured. 

It  is  of  interest  to  compare  these  results  with  Hertzsprung's 
measures  of  effective  wave-length  for  N.G.C.  1647.  As  already 
stated,  his  minimum  at  magnitude  14.5  is  X  4320,  corresponding 
for  bright  stars  to  a  spectrum  of  Fo  and  a  color  index  of  -I-0.4  mag. 
This  is  the  same  as  the  limit  given  by  the  color  index  curves. 
Should  it  prove  that  the  color  change  for  N.G.C.  1647  is  the  same 
as  that  for  the  S  Cygni  and  polar  regions,  the  agreement  would 
afford  a  valuable  control  of  the  photographic  and  visual  scales. 

The  final  interpretation  of  these  results  cannot  now  be  given, 
but  certain  general  conclusions  may  be  indicated.  Large  color 
index  may  mean  an  advancecT  spectral  type,  or  it  may  mean  a 
peculiar  distribution  of  intensity  in  the  continuous  spectrum  similar 
to  that  found  by  Adams.  Were  we  to  exclude  the  latter  possibility 
we  should  be  confronted  with  a  curious  result.  The  faint  stars, 
none  of  which  show  any  negative,  or  even  any  small  positive  indices, 
may  be  faint  either  because  of  small  luminosity  or  because  of  great 
distance.  That  stars  of  small  luminosity  should  show  advanced 
spectra  is  not  surprising.     In  fact,  for  those  cases  in  which  the 
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absolute  magnitudes  are  known,  we  find  a  rapid  increase  in  spectral 
t\-pe  with  increasing  absolute  magnitude.  But  that  stars  which 
are  faint  because  of  great  distance  should  show  no  early-t)T3e 
spectra  would  scarcely  be  expected,  especially  when  the  uniform 
change  in  minimum  color  index  is  considered.  It  would  imply  a 
gradually  increasing  suppression  of  the  early  types  with  increasing 
distance,  and  any  such  spectral  distribution  must  be  regarded  as 
very  improbable.  Such  is  the  conclusion  resulting  from  the 
assumption  that  the  observed  increase  in  color  index  represents  an 
actual  change  in  spectral  type. 

The  other  alternative,  namely,  that  the  phenomenon  is  related 
to  a  change  in  the  intensity  distribution  of  the  continuous  spectrum, 
may  be  dependent  upon  either  one  or  both  of  two  factors — -absolute 
luminosity  and  space  absorption.  Kapteyn  has  shown  that,  on 
the  basis  of  the  most  reliable  determinations  of  star  density,  the 
average  luminosity  must  decrease  with  increasing  apparent  magni- 
tude. Differences  in  luminosity  may,  however,  mean  differences 
in  the  general  atmospheric  absorption,  even  for  stars  of  the  same 
spectral  type ;  and  it  is  conceivable  that  the  observed  phenomenon 
might  thus  be  accounted  for.  The  presence  of  an  absorbing 
medium  in  space,  on  the  other  hand,  would  also  account  for  the 
gradual  increase  in  the  minimum  color  index.  The  results  here 
presented  do  not  permit  a  separation  of  the  two  effects.  This 
phase  of  the  question  is,  however,  soon  to  be  discussed  exhaustively 
by  Professor  Kapteyn. 

Mount  Wilson  Solar  Observatory 
December  19,  1913 


THE  SPECTRA  OF  MAGNESIUM.  CALCIUM.  AND 
SODIUM  VAPORS 

Bv  J.\MES  B.VRXES 

The  study  of  the  changes  produced  in  the  spectra  of  the  elements 
b\-  different  forms  of  electrical  discharges  and  by  varying  the 
pressure  and  chemical  nature  of  the  gas  surrounding  the  electrodes 
has  been  the  subject  of  a  number  of  important  investigations. 
The  results  so  obtained  have  been  found  very  useful  in  the  inter- 
pretation of  the  physical  conditions  existing  in  sun-spots  as  well 
as  in  other  fields  of  astrophysics.  To  these  results  the  author 
wishes  to  add  a  few  further  observations. 


Fig.  I 

The  arrangement  of  the  apparatus  u.sed  is  shown  in  Fig.  i. 
A  is  an  electric  furnace  which  was  made  by  winding  nichrome 
wire  (Xo  17,  B.  and  S.)  about  an  alundum  tube,  B.  This  tube  is 
10  in.  long  and  2  in.  in  diameter  and  around  it  is  placed  a  thick 
pipe-covering  of  85  per  cent  magnesia  which  in  turn  is  coated  with 
asbestos  cement.  A  long  silica  tube.  C.  25  in.  long  and  i  in.  in 
diameter  was  run  through  the  alundum  tube.  In  later  e.xperiments 
a  glazed  porcelain  tube  of  about  the  same  dimensions  was  used. 
370 
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The  ends  of  these  tubes  were  closed  b\'  iron  caps.  D.  and  r|uartz 
plates,  E.  A  stream  of  water  running  through  the  caps  keeps  them 
sufficiently  cold  so  that  the  wax.  by  which  they  are  sealed  to  the 
tube  and  to  the  quartz  plates,  does  not  melt.  The  tube  F  is  con- 
nected with  a  Geryk  exhaust  pump. 

A  piece,  6,  of  the  metal  under  investigation  is  placed  in  the 
center  of  the  tube,  the  caps  adjusted,  the  air  removed,  and  the 
furnace  started.  By  regulating  the  current,  the  temperature  of 
the  furnace  is  held  at  such  a  point  that  the  metal  is  slowly  vapor- 
ized. The  vapor  is  rendered  luminous  by  the  discharge  from  a 
large  induction  coil,  parts  of  the  caps,  D.  acting  as  internal  elec- 
trodes. 

The  light  coming  from  one  end  of  the  tube  was  analyzed  by  a 
Rowland  concave  grating  of  6  ft.  radius,  and  from  the  other  end 
by  a  Hilger  prism  spectrometer  of  the  constant  deviation  type. 
The  intensity  of  the  discharge  was  so  strong  for  the  substances 
used  that  good  photographs  of  their  spectra  could  be  obtained  in 
a  few  seconds  with  the  prism  instrument  and  in  about  ten  minutes 
with  the  grating. 

OBSERV.\TIONS 

Magnesium. — I  shall  cite  only  the  cases  where  the  relative  inten- 
sities of  the  lines  in  the  spectrum  of  magnesium  produced  by  this 
form  of  excitation  are  considerably  diiTerent  from  that  of  the  arc 
in  air  and  in  vacuo  and  from  that  of  the  spark.  Reproductions 
from  the  negatives  are  shown  on  Plate  VI.  The  strong  spark  line. 
X4481.  which  has  been  the  subject  for  a  large  amount  of  investi- 
gation and  discussion,  is  very  weak  in  the  furnace  discharge,  in 
fact  on  many  plates  it  cannot  be  found.  The  strongest  lines  are 
X  2852  and  X  4571.  The  remarkable  intensity  of  X  4571  is  note- 
worthy. This  radiation  is  relatively  weak  in  the  arcs  in  air  and 
in  vacuo.^  Concerning'  the  spectrum  of  magnesium.  Adams^ 
remarks,  ''The  only  magnesium  line  which  shows  an\'  marked 
change  is  X  4571 .  275,  which  is  increased  from  5  in  the  sun  to  7  in 
the  spot."  Brooks'  regards  this  radiation  as  characteristic  of 
magnesium  nitride.     I  tried  the  experiment  of  thoroughly  washing 

■  Aslrophysical  Journal,  21,  74,  IQ05. 

'-Ibid.,  30,  105,  1900.  ^  Ihid.,  29.  1S4,  1909. 
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out  the  tube  with  dry  hydrogen  and  using  magnesium  which  had 
been  prepared  by  melting  a  piece  of  the  metal  and  condensing  it 
in  vacuo.  The  spectrum  was  not  changed,  the  radiation  X  4571 
being  just  as  strong  as  found  above. 

The  three  bands  with  heads  at  X  5622.  X  521 1.  and  X  4845  are 
strongly  depicted  on  the  spectrum  plates.  These  bands  have 
been  attributed  to  a  magnesium  and  hydrogen  compound  and  their 
wave-lengths  were  found  by  Fowler'  to  correspond  with  many 
lines  in  sun-spot  spectra.  Recently  he  found'  and  measured  the 
wave-lengths  of  a  number  of  additional  triplets  in  the  ultra-violet 
region  of  the  spectrum  of  the  magnesium  arc  in  vacuo.  These 
lines  also  occur  in  the  furnace  spectra  and  were  easily  found  on 
plates  taken  with  a  Hilger  quartz  spectroscope. 

Calcium. — The  intensities  of  the  H  and  K  lines  and  X4227  as 
produced  in  the  furnace  discharge  do  not  differ  very  much  from 
their  values  as  produced  in  the  arcs  in  air  or  in  vacuo.  The  only 
line  which  is  strongly  affected  is  X  6573  as  can  be  seen  on  Plate  \T 
and  is  one  of  the  strongest  lines  in  the  spectrum.  This  line  has 
been  found  by  Hale  and  .\dams^  to  be  ''one  of  the  most  strongly 
affected  lines  in  the  entire  spot  spectrum,  showing  a  rise  of  intensity 
from  I  in  the  sun  to  10  in  the  spot."  The  bands  with  heads  at 
X6382  and  X  6389  which  are  also  an  important  feature  of  sun-spot 
spectra  also  occur  in  the  furnace  discharge  but  not  with  as  great  an 
intensity  as  was  found  in  the  arc  in  vacuo. 

Sodium. — The  spectrum  of  sodium  vapor  in  the  furnace  shows 
the  D  lines  with  their  intensities  very  much  increased  relatively 
to  the  other  lines.  The  wings  on  the  D  lines  are  very  wide  and 
clear.  .Adams  Hoc.  cil.)  found  this  to  be  also  the  case  in  sun-spot 
spectra. 

In  the  light  of  these  observations,  the  author  wishes  to  conclude 
that  the  physical  conditions  density,  temperature,  and  excitation, 
as  used  above  give  spectra  which  are  the  nearest  he  has  yet  produced 
to  those  observed  in  sun-spots. 

Bryx  M.wvr  Cdi.i.kc.k 
November  1913 

'  Phil.  Trans.  Roy.  Hoc,  209  .\,  447,  1909. 
'  Proc.  Roy  Sac,  89  .\,  137,  1913. 
>  .{.^Iropliysiciil  .loiiriuil,  30,  9J,  1909. 
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VISUAL  OBSERVATIONS  OF  HALLEY'S  COMET  IN   igio 
By  E.  E.  BARNARD 

Considering  its  great  brightness,  and  the  extraordinary  phe- 
nomena presented  by  other  comets  of  recent  years  which  at  most 
only  attained  the  faintest  naked-eye  visibiUty,  Hallej^'s  comet  at  its 
return  in  igio,  though  a  brilUant  and  interesting  object  to  the  naked 
eye — especially  in  the  month  of  May — ^was,  nevertheless,  a  dis- 
appointment when  considered  from  a  photographic  standpoint.  It 
is  safe  to  say  that  it  did  not  give  us  any  new  information  concerning 
these  strange  bodies.  Photographically,  its  light  was  relatively  slow 
in  its  action  on  the  sensitive  plate,  and  there  were  few  or  none  of 
the  remarkable  phenomena  shown  by  Brooks's  comet  of  1893, 
which  was  faintly  visible  to  the  naked  eye  for  about  one  day,  and 
by  Morehouse's  comet  of  1908,  which  just  attained  naked-eye 
visibility  for  a  couple  of  days.  Had  it  not  been  for  the  previous 
comets,  however,  the  numerous  photographs  obtained  of  it  would 
have  put  Halley's  comet  in  the  first  rank  among  the  records  of  these 
bodies.  While  it  lacked  much  in  interest  as  seen  with  the  eye  of 
the  sensitive  plate,  to  the  himian  eye  it  left  a  lasting  impression 
which,  added  to  its  long  life-history  of  more  than  two  thousand 
years,  made  it,  at  its  return  of  1910,  perhaps  the  most  interesting 
comet  of  history.  The  apparent  length  of  its  tail  when  nearest  the 
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earth  (120°  or  more)  was  probably  the  greatest  on  record,'  though 
the  actual  length  was  much  exceeded  by  many  previous  comets. 
As  seen  from  this  observatory  it  was  visible  to  the  naked  eye  from 
April  29  to  June  1 1 ,  which  was  not  an  excessive  duration  of  visibility. 
With  the  40-inch  telescope  its  visual  appearance  extended  from 
September  15,  1909,  to  May  23,  191 1,  which,  though  a  long  period, 
has  been  exceeded  by  several  comets  that  never  attained  naked- 
eye  visibility. 

halley's  comet  from  a  popul.ar  point  of  view 

In  this  place  it  may  be  well  to  say  a  word  or  tvro  on  the  popular 
side  of  this  return  of  Halley's  comet. 

It  is  vmfortimate  that  the  newspapers  and  the  general  public 
were  so  greatly  disappointed  in  the  comet — ^unfortunate  from  the 
fact  that  the  general  impression  left  by  such  reports  would  be 
exceedingly  misleading  when  comparing  the  present  return  with 
descriptions  of  its  appearance  in  earUer  times.  It  was  imfortunate, 
also,  from  the  further  fact  that  even  astronomers  sometimes  have  a 
sentimental  side.  It  would  have  been  a  gratification  to  know  that 
everyone  who  saw  this  wonderful  object  saw  it  with  the  same  spirit 
of  elation  and  wonder — -one  would  almost  say  veneration — with 
which  the  average  astronomer  regarded  it.  This  was.  at  least,  the 
feeling  of  the  present  writer  when  he  looked  at  this  beautiful  and 
mysterious  object  stretching  its  wonderful  stream  of  light  across 
the  sky. 

The  great  cities  that  have  grown  up  since  1835,  and  the  smoke 
and  electric  lights  of  today  completely  robbed  the  comet  of  its 
glory  when  seen  by  dwellers  in  and  near  the  centers  of  population. 
The  newsi)apers  had  excited  the  public  pulse  to  a  high  pitch  by 
glowing  and  sensational  accounts  of  what  the  comet  would  do  and 
what  it  would  look  like,  and  had  thus  raised  exj^ectation  beyond  all 
reason.     When  these  expectations  failed,  purely  because  of  local 

'  According  to  KUery,  comet  I  1865,  for  several  days  in  January,  had  a  tail  150 
decrees  long  {Monthly  Notices,  2$,  220).  I  find,  however,  that  this  great  length  is 
simply  a  printer's  error  of  150  degrees  for  15  degrees.  See  a  note  by  Eller>-  in 
Astronomisclie  Nachrichtcn,  64,  21Q  (same  date  as  the  one  in  Montlily  Notices),  where 
he  gives  the  length  as  15  or  16  degrees.  This  smaller  length  is  verified  by  other 
southern  observers. 
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conditions,  it  was  not  possible  for  them  to  pile  enough  contumely 
upon  the  comet  and  upon  the  heads  of  those  who  had  made  no  pre- 
diction whatever  as  to  what  the  comet  might  really  look  like. 
Were  such  records  as  these  the  only  ones  to  depend  upon  for  com- 
parison at  future  returns,  it  would  indeed  be  unfortunate.  In 
reality,  to  those  who  under  favorable  conditions  saw  the  comet  at 
its  best  at  the  return  of  1910,  and  who  would  have  been  justified  in 
making  any  prediction,  it  far  exceeded  the  most  sanguine  expecta- 
tions in  the  remarkable  display  it  presented  to  us. 

There  was  one  fact  which  was  brought  forth  by  the  comet  with 
startling  vividness.  It  showed  that  the  superstitious  terror  for- 
merly attending  the  appearance  of  a  great  comet  is  by  no  means 
dead  in  the  human  breast.  Cases  of  this  kind  developed  all  over 
this  country  and  abroad — -from  the  stopping-up  of  keyholes  and 
cracks  in  doors  and  windows  in  Chicago  (according  to  the  daily 
papers)  to  keep  out  the  deadly  comet  gases,  to  the  manufacture 
and  sale,  among  the  negroes  of  the  South,  of  "comet  pills,"  which 
were  supposed  to  ward  off  the  evil  effects  of  the  comet. 

The  "comet  gas"  scare  seemed  to  be  directly  due  to  the  incau- 
tious and  unwarranted  statements  of  one  or  two  men  of  science 
who  had  painted  in  rather  vivid  language  the  direful  effects  of 
breathing  the  deadly  cyanogen  gas,  which  had  been  shown  to  exist 
in  the  tails  of  some  comets. 

Such  being  the  case  in  our  present  enlightened  day,  it  is  easy  to 
imderstand  how  terrifying  the  comet  must  have  been  in  former 
times,  even  if  its  display  then  was  no  more  striking  than  in  1910. 
In  the  calm  of  the  spring  night,  at  a  time  when  one  is  easily  im- 
pressed with  a  mystery  that  is  not  present  in  the  day,  the  comet, 
with  its  weird  streamer  of  light  reaching  far  into  space,  was  well 
fitted  either  to  impress  or  to  terrify  the  observer,  just  as  his  mental 
temperament  might  suggest.  In  the  Dark  Ages,  when  the  mission 
of  these  dread  bodies  was  imknown,  and  when  everything  in  nature 
seemed  to  possess  a  spirit  for  good  or  evil — -and  mostly  for  evil — 
there  is  little  wonder  that  the  unheralded  advent  of  a  great  comet 
should  inspire,  at  the  least,  an  uneasiness  in  the  minds  of  those  who 
saw  it.  The  writer  was  strongly  imbued  with  this  thought  on 
several  nights  while  observing  Halley's  comet  when  in  its  most 
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impressive  stage,  and  it  would  not  have  taken  much  imagination  to 
have  endowed  it  with  a  guiding  spirit.  With  the  enlightenment 
of  today,  however,  one  could  see  nothing  in  it  that  would  disquiet 
or  terrify,  but  rather  that  which  raised  a  sense  of  extreme  pleasure 
and  wonder  at  the  magnificent  mystery  it  presented. 

POSSIBLE  ENCOUNTER   OF  THE  EARTH  WITH  THE  TAIL  OF  THE  COMET 

In  connection  with  this  account  of  Halley's  comet  and  its  near 
approach  to  the  earth,  it  may  be  appropriate  to  add  some  remarks 
on  the  probable  encomiter  of  the  earth  with  a  portion  of  the  tail  at, 
or  closely  following,  the  time  the  comet  transited  the  sun.  Indeed, 
it  seems  more  than  probable  that  the  earth  actually  did  encounter 
one  of  the  branches  of  the  tail — the  southern  branch — -on,  or  about, 
May  i8  or  19,  and  more  probably  on  the  later  date.  There  is  also 
a  suspicion  that  the  influence  of  this  encounter  (if  such  there  was) 
on  our  atmosphere  was  apparent  for  months  afterward. 

The  double  tail  seen  here  on  the  nights  of  May  17  and  18,  the 
lower,  and  probably  larger  branch  of  which  widened  toward  the 
southeast  horizon,  involved  the  ecliptic,  as  will  be  seen  by  the 
diagram  on  p.  389,  and  without  doubt  extended  beyond  the 
earth.  There  are  strong  chances  that  the  earth  passed  through 
this  part  of  the  tail  about  May  19.  That  the  tail  was  long  enough 
to  reach  to  the  earth  is  shown  by  the  fact  that  as  late  as  May  25 
its  length  (54°)  was  over  30  million  miles,  or  twice  the  distance  of 
the  comet  at  its  nearest  approach  to  us  on  May  18. 

With  the  exception  of  a  sketch  by  Miss  Mary  Proctor  in  New 
York  City  and  a  newspaper  account  by  Professor  D.  P.  Todd  of 
Amherst  (whose  observation  seemed  to  refer  to  May  i6),  I  have 
seen  no  reference  from  northern  observers  to  the  second,  fainter 
and  broader  tail  shown  in  my  drawings  of  May  17  and  18  south  of 
the  bright  beam  and  separated  from  it  by  a  distinct  dark  space 
perhaps  10  degrees  wide.  In  Plate  X  I  have  tried  to  show  as 
accurately  as  possible  the  appearance  of  the  tails  and  their  exact 
location  among  the  stars  on  these  two  dates.  The  head  of  the 
comet  was,  of  course,  invisible  below  the  horizon.  This  feature 
(the  broad,  faint,  southern  tail)  seems  to  have  been  generally 
overlooked  by  observers  in  the  Xortliern  HL'niis]iluTo.     It  is,  how- 
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ever,  well  shown  in  drawings  made  in  South  Africa  by  Inncs  and 
others  at  the  Transvaal  Observatory  (now  the  Union  Observatory). 
See  Circulars  j  and  ii  of  that  observatory.  It  is  also  shown  in  a 
drawing  made  by  Dr.  Frank  C.  Cook,  United  States  Navy,  at 
Bahia  Blanca,  Argentine  Republic,  on  May  19,  1910,  at  5  a.m. 
In  the  South  African  sketches  the  south  tail  is  generally  shown 
fainter  and  very  much  broader,  which  agrees  with  my  drawings. 
In  my  drawings  the  north  edge  of  the  south  branch  is  well  deter- 
mined, but  the  south  edge  of  it  is  evidently  lost  in  the  zodiacal 
Hght,  which  fills  out  the  space  to  the  southeast  horizon. 

Professor  C,  D.  Perrine,  at  Cordoba,  Argentine  Republic,  calls 
attention  to  and  describes  this  second  and  broader  tail  (Astronomical 
Journal,  26,  145). 

One  would  have  expected  considerable  parallax  in  portions  of 
the  tail  on  May  17  and  18.  A  comparison  of  the  South  African 
drawings  with  mine,  however,  does  not  show  any  parallax,  at  least 
none  greater  than  the  uncertainty  of  the  drawings  themselves 

During  the  first  part  of  the  night  of  May  18,  as  will  be  seen 
by  the  notes,  the  sky  was  normal.  It  is  probable  that  the  sUght 
mistiness  mentioned  on  that  date  was  in  no  way  connected  with 
the  presence  of  the  comet.  The  slight  aurora,  also,  was  nothing 
out  of  the  ordinary,  and  certainly  had  nothing  to  do  with  the 
comet.  In  the  latter  part  of  the  night,  when  the  moon  had  set, 
the  sky  seemed  to  be  free  from  any  decided  mistiness  to  the  north 
of  the  comet's  tail.  At  the  same  time  the  southern  and  fainter 
branch  seemed  to  spread  its  effect  over  the  southeast  horizon,  but 
there  was  nothing  especially  suggestive  in  its  appearance. 

The  forenoon  of  May  19,  however,  developed  peculiarities  that 
were  very  suggestive  {Astronomische  Nachrichlen.  185,  229,  1910). 
Briefly,  these  consisted  of  a  peculiar  iridescence  and  unnatural 
appearance  of  the  clouds  near  the  sun  and  of  a  bar  of  prismatic  light 
on  the  clouds  in  the  south.  This,  combined  with  the  general  eft'ect 
of  the  sky  and  clouds — for  the  entire  sky  had  a  most  imnatural  and 
wild  look — would  have  attracted  marked  attention  at  any  other 
time  than  when  one  was  looking  for  something  out  of  the  ordinary. 
The  sky  had  been  watched  carefully  during  the  forenoon  of  this  date 
but  nothing  unusual  had  appeared  until  close  to  noon,  when  the 
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conditions  became  abnormal,  as  stated  above.  Of  course  this 
unusual  phenomenon,  if  seen  only  at  one  place,  might  be  considered 
a  coincidence,  but  something  similar  was  reported  on  that  date  at 
other  widely  distant  places.  (See  Transvaal  Obsematory  Circular, 
No.  3,  p.  19  ) 

The  most  suggestive  phenomenon,  however,  was  apparent  later 
on,  in  June  and  for  at  least  a  year  afterward.  It  was  hrst  noticed 
here  on  the  night  of  June  7,  1910,  and  consisted  of  slowlj-  moving 
strips  and  masses  of  self-luminous  haze  which  were  not  confined  to 
any  one  part  of  the  sky.  I  have  given  an  account  of  these  singular 
features  in  the  Proceedings  of  the  American  Philosophical  Society  for 
May- June  191 1.  It  is  true  that  these  peculiarities  might  in  some 
way  have  been  of  auroral  origin,  but  this  I  do  not  think  is  probable, 
for  they  do  not  seem  to  resemble  in  any  way,  either  in  position  or 
in  appearance,  any  auroral  phenomena  with  which  I  am  familiar. 
Apparently  nothing  of  the  kind  has  again  been  visible  here  since 
September  of  1911.  At  the  same  time  it  is  also  true  that  a  similar 
absence  of  essentially  all  auroral  effects  has  been  very  marked  here, 
during  the  same  period.  This  luminous  haze  had  not  been  noticed 
by  me  in  past  years  previous  to  19 10 — especially  in  those  years  in 
which  I  was  almost  constantly  out  at  night  comet-seeking. 

I  would  be  more  disposed  to  believe  that  this  phenomenon  of 
luminous  haze  had  some  connection  with  the  near  approach  of 
Halley's  comet  to  the  earth  were  it  not  for  the  fact  that  apparently 
a  similar  phenomenon  was  recorded  by  Mr.  Backhouse  at  Sunder- 
land, England,  through  many  years  (see  Publications  of  West 
HendoH  House  Observatory,  No.  2,  p.  109,  1902).  Mr.  Backhouse's 
descriptions  .show  that  the  phenomena  seen  by  him  were  perhaps  of 
a  similar  nature  to  those  seen  here  in  the  fall  of  1910.  It  is  probable, 
therefore,  that  this  luminous  haze  was  in  no  way  connected  with 
the  close  approach  to  us  of  the  tail  of  Halley's  comet.  Nevertheless, 
a  record  should  be  made  here  of  the  phenomenon  for  the  benefit  of 
posterity.  These  observations  bj-  Mr.  Backhouse  were  not  known 
to  mc  when  my  paper  was  prepared  for  the  Philosophical  Society. 

THE    C().\IET    WITH   THE    LARGE    TELESCOPE 

Observations  of  llie  ph\sic;d  appearance  might  have  been  very 
interesting  if  it  had  been  possible  to  follow  the  comet  closcl\'  with 
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the  large  telescope.  It  was  necessarj^  however,  for  it  to  have 
attained  a  considerable  altitude  before  it  could  be  seen  with  that 
instrument.  As  it  was,  the  comet  could  be  observed  with  the 
large  telescope  only  after  dawn,  when  the  nucleus  and  its  brighter 
appendages  alone  could  be  seen.  The  smallness  of  the  field  (5  '5) 
and  the  great  power  of  the  telescope  would  have  militated  much 
against  its  successful  use.  From  the  clouded  condition  of  the  sky 
very  few  observations  could  be  made  during  the  morning  visibility 
in  April  and  May  of  1910.  A  few  rather  unsatisfactory  views 
were  had,  mainly  when  observing  the  comet  for  position  later,  in 
the  last  of  May  and  in  June.  The  most  interesting  observations, 
however,  were  obtained  on  the  mornings  of  May  4  and  5,  when  the 
comet  was  watched  in  the  coming  daylight  as  it  faded  from  view. 

On  May  3  (astronomical  date),  after  the  exposures  with  the 
Bruce  telescope,  the  comet  was  observed  with  the  40-inch.  Its 
aspect  in  the  large  instrument  was  rather  singular.  At  first  there 
were  two  wings  to  the  nucleus,  the  southern  of  which  was  the 
brighter.  The  northern  one,  indeed,  was  so  much  fainter  that  it 
gave  the  nucleus  and  its  appendages  a  very  unsymmetrical  appear- 
ance. DayUght  soon  blotted  out  the  northern  wing,  leaving  the 
nucleus  with  the  southern  one  alone  visible.  It  then  very  greatly 
resembled  the  naked-eye  appearance  of  a  great  comet,  with  nucleus 
and  tail.  The  accompanying  sketches  show  the  nucleus  and  wings 
as  seen  in  the  40-inch  telescope  just  before  dawn  obliterated  the 
northern  wing,  and  at  i6''20'"  when  only  the  southern  wing  and 
nucleus  were  visible  (upper  two  sketches  of  Plate  VII). 

On  May  4  at  i6''i5™,  with  the  40-inch  telescope  the  nucleus  and 
its  appendages  were  more  sjTnmetrical.  While  on  May  3  the 
matter  was  nearly  all  on  the  southern  side  of  the  nucleus,  it  was 
evenly  distributed  on  May  4  (see  lower  sketch  of  Plate  VII). 

VELOCITY    OF    THE    P.-VRTICLES    OF    THE    TAIL 

Of  the  physical  phenomena  presented  by  the  comet,  the  most 
interesting  was  shown  on  June  6,  1910.  On  that  date  a  long 
receding  mass  appeared  in  the  tail.  This  seemed  to  be  a  discon- 
nected streamer.  From  photographs  made  here  with  the  Bruce 
telescope,  at  Honolulu  by  Mr.  Ellerman,  and  at  Beirut,  Syria,  by 
Mr.  Joy,  the  writer  obtained  the  results  shown  in  Table  I  for  the 
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motion  of  the  object  and  hence,  also,  for  the  motion  of  the  particles 
forming  the  tail  {A.N..  i86,  ri,  1910).  At  this  time  the  recession 
of  the  comet's  head  from  the  sun  was  16.6  miles  (26.7  km)  per 
second. 


TABLE  I 


Interval 

Hourly 
Motion 

Recession  per  Second 

Station 

From  Comet 

from  Sun 

Y.O.-Honolulu  ... 

Y.O.-Beirut 

Honolulu-Beirut  . .  . 

1515 
10.90 

3. '60 
5-17 
5-78 

Miles 
23.1 
331 
37-3 

Km 
37-2 
53-3 
S9-7 

Maes 
39-7 
49-7 
53-9 

Km 
63 -9 
80.0 
86.4 

These  results  show  a  decided  acceleration  in  the  motion  of  the 
mass,  which  in  the  last  two  photographs  amounted  to  an  increase 
of  14  miles,  or  22  km,  per  second.  It  should  have  been  stated, 
however,  that  some  uncertainty  exists  in  the  results  owing  to  the 
possible  change  in  the  form  of  the  mass.  In  all  cases  the  end 
nearest  the  comet's  head  was  measured,  but  this  end  itself  may  have 
shortened  by  dissipation  of  its  material,  and  thus  produced  an 
apparent  motion  larger  than  the  real  one. 

I  have  combined  these  three  photographs  (in  the  negative  form) 
in  Plate  VIII.  They  are  herewith  presented  so  that  the  reader  may 
judge  for  himself  of  the  probability  of  any  change  in  the  actual  form 
'  of  the  end  of  the  mass. 

Plate  IX  is  a  reproduction  of  the  photograph  of  May  4. 
Attention  has  been  called  in  the  notes  to  the  fact  that  heavy  smoke 
from  the  power-house  was  drifting  over  the  comet  throughout  the 
exposure  of  this  plate,  and  that  in  effect  it  must  have  cut  down  the 
actual  exposure-time  by  one-half  From  this  cause  the  full  width 
of  the  tail  is  jjerhaps  not  shown. 

It  was  unfortunate  that  May  4  and  5,  the  only  two  good  morn- 
ings on  which  the  whole  comet  was  visible,  were  both  spoiled  by  the 
•smoke  from  the  power-house  that  was  driven  south,  directly  over 
'  the  comet,  by  a  hea\'y  north  wind. 

The  tail  of  the  comet  on  May  29  (Plate  XI)  shows  considerable 
•structure,  which  is  more  or  less  lost  in  the  reproduction. 
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Thanks  are  due  to  Mr.  Leon  Barritt,  editor  of  the  Evening  Skv 
Map,  for  the  loan  of  the  half-tone  block  made  from  my  photograph 
of  June  6  (Plate  XII). 

One  rather  striking  feature  of  the  tail  during  the  last  stages  of 
its  visibility  was  that  the  star  87  Leonis  remained  in  it  or  close  to 
it  for  a  long  time.  The  tail  seemed  to  be  slipping  eastward  by  or 
over  the  star.  This,  of  course,  was  due  to  the  motion  of  the  comet, 
and  the  changing  position  of  the  sun. 

THE  RETURN  OF  THE  COMET  AND  ITS  EARLY  APPEARANCE  IN 
THE  LARGE  TELESCOPE 

During  the  fall  and  winter  of  1908-1909,  the  writer  made  a  care- 
ful search  for  Halley's  comet,  both  photographically  with  the 
Bruce  telescope,  and  visually  with  the  40-inch.  At  that  time  it 
was  too  faint  for  either  instrument.  As  if  in  acknowledgment  of 
the  discovery  of  photography  since  its  last  return  in  1835  and  the 
wonderful  progress  made  in  the  apphcation  of  that  science  to  astron- 
omy, the  comet  was  destined  to  be  seen  first  by  the  sensitive 
photographic  plate.  It  was  actually  discovered,  photographically, 
by  Dr.  Max  Wolf,  with  the  30-inch  reflecting  telescope  at  Heidel- 
berg, Germany,  on  September  11,  1909.  The  first  visual  observa- 
tions of  the  comet  were  made  by  Professor  S.  W.  Burnham  with  the 
40-inch  telescope  of  the  Yerkes  Observatory,  on  September  15, 1909. 

At  my  first  observations  with  the  large  telescope,  beginning 
September  17,  1909,  the  comet  was  a  small  and  rather  faint  speck 
of  light,  very  much  like  a  faint  stellar  nebula,  of  which  there  are  so 
many  in  the  sky.  It  was  by  no  means  at  the  limit  of  the  great 
telescope,  and  under  favorable  conditions  could  have  been  seen 
much  earlier  with  that  instrument.  The  increase  in  brightness 
was  not  very  rapid  and  as  late  as  the  last  observations  in  February 
1910,  before  the  comet  passed  behind  the  sun,  it  gave  very  httle 
promise  of  the  splendid  display  it  was  destined  to  make  later,  in  the 
month  of  May.  Its  reappearance  -  from  behind  the  sun  in  the 
morning  skies  of  April  and  May  could  not  have  been  under  more 
unfortunate  circumstances  for  observation  at  the  Yerkes  Observa- 
tory. That  part  of  the  year  is  always  unpropitious  here,  and  it 
seemed  as  if  everything  combined,  on  this  particular  occasion,  to 
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hide  from  us  the  growth  of  the  comet  and  its  approach  to  the  earth. 
Forest  fires  in  the  northern  part  of  the  state  produced  a  densely 
smoky  sky  which,  even  when  the  clouds  were  merciful  to  us  and 
would  have  let  us  see  the  comet,  cut  off  with  a  thick  yellow  veil  all 
but  a  glimpse  of  the  bright  head.  The  sky,  on  every  morning,  was 
watched  until  strong  dayUght  for  a  chance  to  photograph  or  observe 
the  comet.  Similarly  every  care  was  taken  in  the  evenings  to 
secure  results  as  long  as  the  comet  was  visible. 

The  transition  from  the  morning  to  the  evening  skies  by  the 
passage  of  the  comet  between  us  and  the  sun  on  May  18  was  coin- 
cident with  a  change  in  the  weather  conditions,  and  we  were  thus 
enabled  to  watch  it  in  its  recession  from  the  earth  and  sun.  After 
a  long  cloudy  period  the  sky  suddenly  cleared  at  midnight,  on  May 
17,  and  gave  us  a  splendid  opportunity  that  night  and  the  night  of 
May  18,  at  the  most  critical  time,  to  observe  the  phenomenon  of  its 
nearest  approach  to  us. 

N.\KED-EYE   AND   TELESCOPIC   OBSERVATIONS 

The  following  notes  descriptive  of  the  comet's  appearance  to 
the  naked  eye  and  with  the  telescope  are  given  nearly  in  full  in  the 
hope  that  they  may  be  of  value  at  its  future  returns.  Of  course 
photography  took  care  of  the  general  features  of  the  comet,  and 
thus  preserved  an  accurate  record  of  its  appearance  to  the  sensitive 
plate.  At  the  same  time  it  is  a  noteworthy  fact  that  the  photograph 
usually  gives  but  little  information  as  to  the  naked-eye  appearance 
of  a  comet.  A  careful  description,  therefore,  of  its  appearance  to 
the  eye  alone  must  have  a  special  value,  independent  of  that  of  the 
photographs,  and  supplemental  to  them.  From  a  historical  stand- 
point, for  comparison  with  its  appearance  in  times  past,  it  must 
have  a  value  beyond  that  of  the  photograph. 

In  the  descriptions  which  follow  I  have,  in  some  cases,  gone 
rather  extensively  into  the  details  of  the  naked-eye  appearance  of 
the  comet.  I  feel  that  this  is  justifiable  for  the  following  reason. 
In  looking  up  the  published  information  concerning  its  appearance 
in  1835  to  form  some  opinion  as  to  how  the  comet  would  look  at  the 
present  return,  I  was  surprised  at  the  meagerness  of  the  records,  and 
I  determined  to  i)re])are  as  faithful  an  account  as  possible  of  its 
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appearance  to  the  naked  eye  for  the  benefit  of  observers  at  future 
returns.  I  therefore  made  as  accurate  a  record  as  I  could  of  its 
appearance  to  the  eye  alone.  These  results  were  obtained  while 
guiding  on  the  comet  in  photographing  it,  and  at  other  times  when 
a  few  moments  could  be  spared  to  examine  it.  The  descriptions, 
after  the  comet  came  into  the  evening  skies,  were  written  down, 
from  my  dictation  at  the  time,  by  my  niece,  Miss  Mary  Calvert, 
and  therefore  have  the  accuracy  of  the  inspiration  of  the  moment. 

A  pair  of  large,  old-fashioned  field-glasses  were  available  in  these 
observations,  and  were  used  to  supplement  the  naked-eye  views 
when  necessary.  These  glasses  were  specially  suited  for  the  pur- 
pose, and  far  better,  because  of  their  large  lenses,  than  the  more 
modern  field-glasses,  which  for  such  work  are  deficient  in  light,  and 
generally  are  too  powerful. 

The  Bruce  photographic  telescope  is  supplied  with  a  5-inch 
visual  guiding  telescope,  with  a  field  of  about  20'.  When  photo- 
graphing the  comet,  notes  were  kept  concerning  its  appearance  in 
this  instrument. 

THE    NAKED-EYE    .AXD    TELESCOPIC    NUCLEUS 

One  striking  fact  that  was  noticeable  when  the  comet  was  bright 
in  the  evening  sky,  especially  noticeable  on  or  about  May  26,  was 
that  it  had  a  nucleus  within  a  nucleus.  To  the  naked  eye  the 
nucleus  was  stellar  and  as  bright  as  5  Leoiiis,  of  magnitude  2.7. 
With  field-glasses  the  nucleus  was  small,  but  of  sensible  diameter, 
and  of  a  beautiful  bluish-white  color;  it  was  surrounded  by  a  much 
fainter  hazy  nebulosity,  which  ran  out  to  form  the  tail — -the  view 
being  rather  an  intensification  of  that  with  the  naked  eye.  The 
naked-eye  and  field-glass  "nucleus"  was  not  the  true  nucleus.  In 
the  5-inch  guiding  telescope  a  small  planetary  nucleus  of  the  mag- 
nitude 8  or  9  was  seen  in  a  denser  nebulosity.  It  was  very  well 
defined  and  very  yellow.  About  this  date,  therefore,  naked-eye 
and  telescopic  observations  of  the  nucleus  would  refer  to  two 
entirely  different  things  of  exactly  opposite  colors.  That  which 
formed  the  nucleus  to  the  naked  eye  was  simply  the  small  denser 
nebulosity  about  the  real  nucleus  (see  Astronomische  Nachrichten, 
185,  234). 


384  E.  E.  BARNARD 

Following  is  a  careful  siunmary  of  the  notes.  The  records 
belonging  to  the  earlier  part  of  the  observations  (containing  also 
micrometer  positions),  when  the  comet  was  \'isible  onty  in  the 
telescope,  and  those  similarly  made  in  its  later  stages,  have  already 
been  printed  in  the  Astronomical  Journal,  26,  43,  62,  76,  1909-1910, 
and  27,  147,  191 2.     The  present  notes  all  refer  to  the  year  1910. 

All  the  times  recorded  in  this  paper  are  Central  Standard  Time, 
or  6''o'"  slow  of  Greenwich  Mean  Time. 

April  II,  i5''35'".  Examined  the  sky  but  could  see  no  traces  of 
the  tail.  There  was  a  broad  strip  of  haze  in  the  east,  but  the  horizon 
seemed  clear  for  about  2°  altitude.  At  i6''3o"  the  comet  was  well 
seen  in  the  5-inch  guiding  telescope,  but  it  did  not  look  any  brighter 
than  when  last  seen  in  March.  There  appeared  to  be  a  dim  hazy 
nucleus  with  some  nebulosity.  The  brightest  part  of  the  comet  was 
at  least  two  magnitudes  less  than  B.D.-\-']°^i2i  of  magnitude  6.3. 
There  was  no  trace  of  the  tail;  the  sky  was  too  bright  and  hazy  to 
show  it.  The  comet  was  visible  in  the  guiding  telescope  until  i6''5i'", 
when  it  was  lost.  It  is  probable  that  it  would  have  been  faintly 
visible  to  the  naked  eye  if  the  sky  had  been  clear  and  dark. 

April  13,  i6''5™.  It  was  quite  easily  seen  in  the  5-inch  telescope 
as  a  brightish,  ill-defined,  nebulous  star,  with  no  trace  of  tail,  and 
was  lost  in  dawn  at  i6''58"'.  The  sky  at  that  time  was  more  or  less 
hazy.  The  comet  was  certainly  brighter  on  this  date  than  on  April 
II.  Each  previous  morning,  before  the  brightest  dawn,  the  sky 
had  been  examined  for  any  trace  of  the  tail,  but  none  could  be  seen. 

April  16,  from  isVs"  to  i6''55'".  The  comet  was  bright  in  the 
5-inch  telescope.  When  at  a  considerable  altitude  the  nucleus  was 
starlike,  almost  white,  and  of  the  sixth  magnitude.  It  was  not 
quite  as  bright  as  the  star  B.D.-\-']°$i2i  (magnitude  6.3)  N\'ith 
which  it  was  compared  for  brightness,  though  it  was  more  con- 
spicuous than  the  star.  The  tail  could  be  traced  for  15'  or  20',  but 
the  comet  was  not  visible  to  the  naked  eye.  Judging,  however, 
from  its  brightness  in  the  5-inch,  it  must  have  been  close  to  naked- 
eye  visibility.     Clouds  prevented  an}'  successful  photographs. 

April  19.  When  first  seen  at  about  i5''2o"'  the  comet  was  in  a 
clear  space  close  to  the  horizon.  It  was  beautiful  in  the  5-inch, 
with  a  bright  nucleus  and  a  fine  parabolic  outHne  to  the  head,  from 
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which  the  tail  streamed  out  of  the  held  of  view.  It  was  not 
visible  with  the  naked  eye,  but  the  sky  was  too  poor  for  one  to  have 
seen  it. 

April  20.  The  comet  rose  in  dense  haze,  and  was  first  visible  in 
the  5-inch  telescope  at  i5''45'",  but  was  very  dim.  At  i6''20'"  the 
nucleus  was  of  the  same  brightness  as  the  star  B.D.-\-j°^ioi 
(magnitude  7.0),  but  did  not  seem  to  be  so  intense  in  its  light — it 
was  more  planetary  and  not  quite  starhke.  The  comet  could  not 
be  seen  with  the  naked  eye  at  any  time,  the  sky  being  too  poor. 

April  29.  The  comet  was  hidden  by  clouds  until  i5''45'",  when 
it  came  out  on  a  verj'  bright  sky,  and  could  be  seen  with  the  naked 
eye  for  the  first  time.  The  nucleus  was  bright  and  was  of  magni- 
tude 2  or  2.5.  The  tail  was  visible  for  a  couple  of  degrees,  but 
with  field-glasses  it  could  be  traced  for  4°  or  5°.  The  comet 
remained  visible  to  the  naked  eye  until  iG'^y"",  when  it  was  lost,  but 
it  was  visible  in  the  5-inch  until  i6''30"'.  To  the  naked  eye  it  did 
not  appear  so  bright  as  Daniel's  comet  in  September  of  1907  when 
in  a  similar  position  with  respect  to  daylight. 

May  2,  i5''40™.  The  comet  was  seen  for  about  one  minute  in  a 
thin  streak  of  clearer  sky.  The  tail  stretched  out  of  the  field  of  the 
5-inch  guiding  telescope,  but  thick  haze  prevented  its  being  seen 
with  the  naked  eye. 

May  3.  The  comet  was  beautiful  to  the  naked  eye,  with  a  long 
tail  streaming  upward  toward  the  right.  The  tail,  however,  was 
not  bright.  Before  moonrise  it  could  be  traced  for  17°  or  18°. 
The  head  and  nucleus  were  of  about  the  second  magnitude,  and 
were  estimated  to  be  one  magnitude  brighter  than  7  Pegasi.  Even 
after  the  moon  rose  the  tail  could  be  traced  for  nearly  15°.  The 
following  notes  were  made  before  the  comet  rose,  the  sky  being 
examined  carefully. 

I4''i7"     No  trace  of  tail. 

14  22      No  trace  of  tail. 

14  29       No  trace  of  tail. 

14  34       No  trace  of  tail.     Sky  good. 

The  comet  was  first  seen  at  i4''4o™.  The  smoke  from  the  power- 
house was  passing  over  it  during  most  of  the  exposure,  and  must 
have  cut  the  fight  down  seriously. 
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May  4.  The  comet  was  beautiful.  The  tail  stretched  about 
one-half  the  distance  to  6  Pegasi,  a  length  of  15°,  and  seemed  a 
little  shorter  than  on  May  3.  It  became  very  gradually  fainter 
toward  the  end,  where  it  seemed  to  fade  out  as  if  that  were  really 
its  end,  and  not  so  much  as  if  it  simply  became  too  faint  to  be  seen. 
The  head,  however,  seemed  brighter  than  on  May  3,  and  was  fuUy 
of  the  second  magnitude.  At  about  1$^  it  was  one  magnitude 
brighter  than  7  Pegasi.  At  i6''7'"  the  comet  was  still  faintly  visible 
to  the  naked  eye,  but  one  minute  later  it  had  disappeared.  The 
smoke  from  the  power-house  was  passing  in  front  of  the  comet  and 
partly  hiding  it  during  the  observations,  so  that  the  exposures  must 
have  been  cut  down  in  effect  at  least  one-half. 

Afay  5.  Dense,  thick  sky.  No  trace  of  the  comet  could  be  seen 
with  the  naked  eye.  It  was  very  faintly  visible  in  the  5-inch 
telescope. 

May  6.  The  sky  was  very  thick.  The  comet  was  fairly  well 
seen  with  the  naked  eye  when  it  rose,  but  hazy  clouds  at  once 
covered  it.  At  first  the  tail  could  be  traced,  even  in  the  hazy  sky, 
for  a  distance  of  17°  or  18°.  The  whole  comet  must  have  been 
brighter  than  at  previous  observations.  It  could  still  be  seen 
faintly  between  the  clouds  with  the  naked  eye  at  i4''53"'. 

May  8.  The  sky  was  very  thick  and  was  constantly  being 
covered  with  heavj'  clouds.  The  comet  was  seen  with  the  naked 
eye  several  times  between  the  clouds.  After  i5''io"  it  seemed 
pretty  bright  with  a  long  tail.  The  views  were  fragmentary  through 
the  breaks  in  the  clouds. 

May  9.  The  sky  was  very  thick.  At  i5''5"'  the  comet  was  seen 
very  faintly  with  the  naked  eye.  It  must  have  been  very  bright  to 
be  seen  at  all  under  the  conditions.  The  tail  could  be  traced  for 
15°.  The  head  was  at  least  of  the  second  magnitude.  At  i5''48°' 
it  was  still  faintly  visible  with  the  naked  eye. 

May  13.  No  trace  of  the  comet  because  of  dense  haze  and 
smoke  all  around  the  horizon.  If  the  tail  had  been  very  long  it 
would  perhaps  have  been  seen  above  the  smoke  bank. 

May  14.  The  sky  was  very  thick  and  bad.  At  i4''40™  the  tail 
could  be  traced  slightly  beyond  d  Pegasi,  a  distance  of  about  53°,  and 
passed  about  2°  or  3°  to  the  right  of  and  below  that  star.     It  must 
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have  been  3°  or  4°  broad  near  the  south  side  of  the  square  of  Pegasus. 
It  was  fairly  noticeable  when  looked  at  with  averted  vision,  but 
could  not  be  traced  anywhere  near  the  head,  which  was  invisible  in 
the  haze. 

At  i5''40"  the  comet  was  faint  in  the  5-inch  telescope,  while 
Venus,  at  the  same  altitude,  was  fairly  well  seen  with  the  naked 
eye,  but  was  very  dull  and  red.  At  ib*"©"  the  nucleus,  which  was 
yellow  and  starlike,  with  some  coma,  was  qtiite  noticeable  in  the 
5-inch  telescope,  but  neither  the  head  nor  any  of  the  tail  near  it 
could  be  seen  with  the  naked  eye  at  any  time,  because  of  the  smoky 
haze.     Where  the  tail  could  be  seen  it  was  very  straight  and  broad. 

From  the  foregoing  observations  the  head  must  have  been 
many  times  less  bright  than  Venus.  The  observations  also  show 
that  the  tail  must  have  been  about  50°  in  length. 

May  17.  After  a  stormy  period  the  sky  cleared  brilliantly  at 
midnight.  As  observations  at  this  time  are  of  the  utmost  impor- 
tance in  connection  with  the  nearest  approach  of  the  comet  to  the 
earth,  the  notes  will  be  given  nearly  in  full. 

i3''o".  A  narrow  twihght  (which  later  proved  to  be  the  tail) 
seemed  to  extend  along  the  eastern  horizon.  This  was  more  marked 
at  i3''5'°.  "There  is  a  diffused  dawn  effect  near  the  east  horizon 
about  4°  or  5°  high."  At  i3''io"'  this  seemed  either  to  have  risen 
rather  rapidly  or  to  have  become  more  pronovmced.  The  sky  was 
very  clear,  but  the  moon  was  still  above  the  horizon.  At  i3''25" 
this  "dawn"  effect  was  as  high  as  e  Pegasi.  At  i3'*30'"  distinct 
traces  of  the  tail  were  certainly  visible  a  little  south  of  the  square  of 
Pegasus,  and  reaching  nearly  to  Altair.  At  i3''35"  the  axis  of  the 
tail  would  pass  through  B  Pegasi.  It  was  perhaps  5°  or  6°  broad 
near  d  and  apparently  rose  to  a  point  io°±  southeast  of  Altair. 
At  i3''45'"  B  Pegasi  was  in  the  axis  of  the  tail.  At  i3''55™  f  Pegasi 
was  on  the  north  edge  of  the  tail.  At  i4''i5™  B  Pegasi  was  close 
inside  the  south  edge  and  slightly  in  the  tail,  while  7  Pegasi  was  in 
the  tail  and  perhaps  one-half  degree  north  of  its  middle  or  axis  and 
8  Aquilae  exactly  on  its  north  edge.  At  i4''2o"  the  tail  between  f 
and  7  Pegasi  was  perhaps  brighter  than  any  portion  of  the  Milky 
Way.  It  seemed  somewhat  brighter  in  the  middle  and  faded 
slightly  toward  the  edges.     It  joined  the  Milky  Way  and  could  be 


388  E.  E.  BARNARD 

traced  beyond  6  Aquilae.  At  this  time  it  appeared  straight,  but  at 
about  i3''40"  it  was  thought  to  be  slightly  convex  to  the  north.  The 
width  of  the  tail  was  a  Uttle  greater  than  the  distance  from  iS  to  r; 
Pegasi  (s°).  At  i4''25"  the  tail,  beyond  e  Pegasi,  was  about  one- 
fourth  as  bright  or  less  than  that  part  between  f  and  y  Pegasi. 
The  star  71  Aquilae  (B.D. —  i°4oi6)  was  in  the  middle  or  axis  of  the 
tail.  At  i4''47'°  a  Equulei  was  just  free  of  the  north  edge.  At 
jghj-Qin  tjig  tail  was  faint  from  dawn  and  could  be  seen  only  by 
averted  vision.  At  i5*'i2"  it  was  still  feebly  visible  near  f  and  7 
Pegasi,  and  could  be  traced  as  far  as  e  Pegasi.  The  sky  was  very 
clear.  At  this  time  7  Pegasi  seemed  to  be  still  a  Uttle  north  of  the 
axis.  Miss  Calvert  watched  it  a  little  longer  while  I  went  to  the 
40-inch.  She  says  that  at  is''i8™  she  could  no  longer  see  the  tail, 
though  she  had  seen  it  one  or  two  minutes  earlier. 

The  tail  was  only  a  little  brighter  toward  the  axis — it  was  very 
flat  and  did  not  diffuse  much  at  its  edges.  Indeed  it  seemed  to  be 
nearly  uniform  in  light  with  respect  to  its  width,  but  it  tapered 
very  much  toward  the  end,  near  which  it  would  not  be  over  three- 
fourths  as  wide  as  at  a  point  near  f  Pegasi.  This  of  course  was  an 
effect  of  perspective.  Streamers  or  irregularities  were  carefully 
looked  for  but  none  was  seen.  The  edges  of  the  tail  were  smooth 
and  uniform.  At  about  i3''i5'"  or  i3''30"'  I  could  see  the  sky  dark, 
below  and  above  the  tail,  and  there  appeared  to  be  a  brightening 
along  the  southeast  horizon,  as  if  another  portion  of  the  tail  were 
present.  At  i4''4S'"  a  Equulei  was  just  free  of  the  north  edge  of 
the  tail.  The  head  of  the  comet  could  not  be  seen  when  it  rose, 
either  with  the  5-inch  or  the  40-inch  telescope,  because  of  tlie  thick 
sky  near  the  horizon.  The  observations  show  that  the  tail  was  at 
least  107°  long  on  this  date. 

May  18.  Beautifully  clear  all  day,  with  a  few  flocks  of  clouds 
in  the  afternoon.  A  beautiful  night  with  a  three-fourths  full  moon. 
Every  preparation  had  been  made  to  photograph  any  phenomena 
that  might  develop  during  the  night.  There  was  a  slight  mistiness 
in  the  air.  This  was  noticed  only  when,  on  hiding  the  moon,  a 
feeble  illumination  was  seen  near  it.  At  8''37'"  and  later,  certain 
phenomena  developed  which  are  beUeved  to  have  been  auroral. 
The  notes  on  these  have  been  collected  and  are  given  later.     At  this 
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time  the  sky  appeared  unusually  good.  There  was  still  a  consider- 
able twiUght  effect  in  the  low  northwest.  At  8''56'"  some  faint 
luminosity  was  visible  under  Cassiopeia.  The  sky  had  a  feeble 
misty  look  everywhere,  which  was  not  due  to  ordinary  haze,  for 
apparently  the  sky  was  very  clear.  Up  to  io''35™  nothing  out  of 
the  ordinary  was  noticed  in  the  appearance  of  the  sky,  except  the 
faint  mistiness  which  had  been  visible  since  dark.  At  io''40™  the 
eastern  horizon  was  bright  with  a  diffused  luminosity  while  the 
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western  horizon  was  free  from  anything  of  this  kind.  At  i2''o'" 
the  illumination  of  the  eastern  horizon  seemed  to  be  a  Kttle  brighter. 
At  i2''42'°  the  eastern  horizon  for  perhaps  one-fourth  the  way  up 
was  very  bright.  (This  later  proved  to  be  the  comet's  tail.)  At 
1 4*"  10"  the  tail  was  certainly  visible  just  east  of «  Pegasi.  Sky  still 
moonht.  At  i4''2o'"  the  tail  was  surely  visible  in  the  east.  It  was 
quite  noticeable  at  this  time,  even  in  the  moonlight.  It  seemed  to 
be  a  little  north  of  its  position  of  the  previous  morning  (a.m.  of 
May  18).     At  i4''23"  y  Pegasi  was  just  inside  the  south  edge  of  the 
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tail,  while  a  Pegasi  was  just  inside  it  on  the  north  edge.  It  lay 
between  d  and  e  Pegasi,  nearer  to  6.  It  was  strongly  visible  (moon 
nearly  down).  At  i4''27"  the  north  edge  of  the  tail  diffused  very 
gradually  and  reached  halfway  from  7  Pegasi  to  a  Andromedae. 
Both  d  Aquilae  and  f  Pegasi  were  in  the  axis  of  the  tail.  At  14^42^ 
y  Pegasi  was  3°  inside  of  the  south  edge  of  the  tail.  The  north  edge 
diffused  three-fourths  of  the  way  to  a  Andromedae,  and  was  10° 
wide  near  that  star.  At  i4''52'"  the  tail  could  be  traced  to  the 
horizon,  widening  out  toward  the  east  horizon.  At  i5''4'"  the  tail 
could  still  be  seen  (though  it  was  dim)  and  the  dark  region  in  it. 
At  i5''io'"  the  tail  and  the  dark  space  were  still  feebly  seen,  but  they 
were  badly  dimmed  by  dawn. 

The  brightest  portion  of  the  tail  near  a  and  7  Pegasi  was  as 
bright  as  the  Milky  Way,  but  did  not  seem  to  be  more  than  half  as 
bright  as  on  the  previous  morning.  The  tail  could  be  traced  to  the 
Milky  Way  beyond  6  Aquilae,  where  it  became  faint  and  somewhat 
tapered.  It  could  not  be  traced  across  the  Milky  Waj'.  Several 
times  the  impression  was  given — I  was  almost  sure  of  it — that  the 
brightest  part  of  the  tail  fluctuated  in  brightness  as  if  its  Ught  were 
unsteady.  The  illumination  below  the  dark  space  in  the  tail, 
though  feeble,  I  think  was  real.  It  apparently  extended  to  the 
southeast  horizon  as  if  it  passed  below  the  horizon,  and  there  seems 
no  question  that  it  was  a  separate  part  of  the  tail,  and  that  the 
dark  space  was  a  rift  that  separated  the  tail  into  two  parts.  There 
was  no  evidence  of  any  streamer  north  of  the  bright  tail.  The 
south  edge  was  rather  definite,  though  softly  blended,  but  the  north 
side  was  very  diffused.  At  times  it  seemed  to  diffuse  beyond  a 
Andromedae.  The  Ught  of  the  tail  was  very  similar  to  that  which 
forms  the  Gegenschein,  or  hkc  light  reflected  from  dust  particles; 
that  is,  it  did  not  have  a  nebulous  appearance.  The  bright  northern 
part  of  the  tail  could  be  said  to  be  roughly  cone  shaped,  with  its 
base  along  the  horizon,  and  tapering  out  and  becoming  faint  toward 
6  Aquilae.  As  dawn  approached,  say  a  little  after  15*",  the  whole 
sky  seemed  to  assume  a  feeble  glow  that  did  not  appear  to  be 
entirely  due  to  dawn.  The  observations,  located  on  a  celestial 
globe,  make  the  length  of  the  tail  at  least  120°. 

On  l)oth  nights  (May  17  and  18)  there  was  no  decided  light  north 
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of  the  tail,  that  is,  all  the  sky  above  the  tail  was  apparently  pure 
and  free  from  unusual  illumination,  with  the  exception  of  the  shght 
mistiness  mentioned  in  the  preceding  paragraph.  The  illumination 
below  the  brighter  part  of  the  tail  was  decided.  It  was  soft  and 
seemed  to  reach  to  and  beyond  the  southeast  horizon. 

Although  the  slight  aurora  which  developed  on  May  18  cer- 
tainly had  nothing  to  do  with  the  proximity  of  the  comet,  it  seems 
best  to  give  it  here  as  a  part  of  the  record  for  that  night  for  com- 
parison with  observations  that  were  doubtless  made  elsewhere  and 
for  other  reasons.  I  have  therefore  collected  all  the  phenomena  that 
certainly  seemed  to  belong  to  the  aurora  in  the  notes  that  follow. 

At  8''37"  there  seemed  to  be  some  horizontal  streaks  of  diffused 
light  in  the  north  above  Cassiopeia.  They  had  disappeared  five 
minutes  later.  At  this  time  considerable  twilight  effect  still 
remained  in  the  northwest.  At  8''56'"  some  feeble  luminosity  was 
visible  under  Cassiopeia.  At  9''2™  apparently  a  shght  aurora  was 
visible  to  the  right  of  and  below  Cassiopeia.  At  9''i4"'  a  faint 
luminous  band  was  visible  halfway  from  the  horizon  to  the  stars  of 
Cassiopeia.  This  seemed  to  be  an  auroral  effect.  At  9''20°'  an 
active  aurora  with  streamers  flashed  up  very  suddenly.  By  9''28'" 
it  had  become  a  uniform  glow  extending  almost  as  high  as  Cas- 
siopeia. There  were  feeble  attempts  at  activity  at  9''4o'"  consisting 
of  a  great  number  of  short  streamers.  At  io''4'"  the  altitude  of  the 
bright  part  of  the  arch  (which  was  fairly  strong)  was  exactly  half- 
way from  the  horizon  to  a  Cassiopeiae.  At  io''i2"'  streamers  were 
ascending  to  the  left  of  the  summit  of  the  arch  and  moving  to  the 
left.  At  io''i6™  the  arch  was  rather  strong  but  indefinite.  At 
io''i8"'  the  aurora  was  again  active  (but  not  bright),  with  diffused 
streamers.  At  io''28"'  there  was  no  definite  arch,  but  a  diffused 
general  illumination  was  present  reaching  nearly  as  high  as  Cas- 
siopeia. At  io''32"  still  diffused,  with  no  definite  arch,  and  one 
streamer  moving  west.  The  brightest  part  of  the  illumination 
extended  halfway  to  Cassiopeia.  By  io''40'"  the  aurora  had  almost 
faded  out — apparently  dead.  At  ii''io"'  a  very  slight  auroral 
glow.  At  ii''24"'  there  seemed  to  be  no  aurora.  At  ii''32°',  no 
aurora.  At  i3*'52'"  the  aurora  started  up  again  with  a  very  low 
feeble  arch.     At  i4''i4"'  the  altitude  of  the  arch  was  3°  or  4°. 
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There  are  no  other  notes  on  the  aurora,  and  I  assume  that  it 
finally  disappeared  about  this  time. 

Notes  were  also  made  of  the  appearance  of  any  meteors,  but 
they  are  not  given  here  because  but  very  few  were  seen  on  May  i8 
and  none  was  noted  on  May  17.  They  seemed  to  have  no  connec- 
tion with  the  comet. 

May  19.  Cloudy  at  night.  No  observations  of  the  comet 
possible. 

May  20.  At  'j^^o"^  to  8''30'"  with  the  naked  eye  the  head  was 
one-half  degree  in  diameter.  The  head  and  nucleus  were  of  about 
the  second  magnitude,  and  resembled  a  yellow  nebiilous  star. 
There  seemed  to  be  a  faint  diffused  tail.  The  sky  was  muggy,  and 
the  comet  was  in  clouds  most  of  the  time. 

In  the  5-inch  the  nucleus  at  first  was  very  stellar  and  very 
yellow,  with  some  of  the  hazy  yellow  light  about  it,  but  no  tail  was 
seen  with  certainty. 

The  sky  was  examined  repeatedly  as  late  as  ii*',  but  no 
trace  of  the  comet's  tail  was  anjTvhere  visible.  The  moon  was 
nearly  full. 

At  14''  the  sky  was  hazy  in  the  west.  At  about  i4''30™  a  hazy 
luminous  streak  4°-5°  broad  extended  from  d  Aquilae  to  the  east 
— fainter  toward  9  Aquilae — through  a  Pegasi.  This  resembled  the 
comet's  tail,  but  was  doubtless  a  strip  of  haze.  I  looked  at  it 
several  times,  taking  it  for  a  strip  of  haze,  but  it  did  not  seem  to 
move.  There  were  masses  of  moving  haze  overhead  toward  the 
north.  To  all  appearances  it  looked  like  the  comet's  tail  of  the 
mornings  of  May  18  and  19.  I  cannot  be  certain  that  this  was  not 
haze,  but  it  was  a  singular  coincidence  of  position,  appearance,  etc., 
if  it  was.  It  was  visible  for  fully  15  or  20  minutes.  Then  the  sky 
got  worse  with  the  haze  and  moonlight  and  it  disappeared.  At  the 
same  time  there  seemed  to  be  a  similar  strip  in  the  low  south  which 
stretched  from  the  Milk  Dipper  in  Sagillariiis  to  Antarcs.  This 
was  3°  to  4°  wide.  I  think  these  must  have  been  merely  strips  of 
haze,  and  had  nothing  to  do  with  the  comet,  but  they  are  giv'en  here 
as  a  matter  of  record.  It  may  be  well  to  note,  however,  in  this 
connection  that  the  tail — -both  branches — ^was  still  visible  in  the 
morning  sky  in  South  Africa  on  this  date,  at  i5''30'"  G  M.T.,  or 
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onl}-  five  hours  earlier  than  the  supposed  obser\-ation  recorded 
above  (see  Circulars  j  and  //,  Transvaal  Observatory).  Both  tails 
were  also  seen  by  Perrine  at  Cordoba  on  the  20th  at  the  same 
moment  as  my  observation  (see  Astro}wmical  Jourual.  26,  145). 

May  21  and  22.     Cloudy. 

May  23,  8''40".  Sky  cloudy,  but  the  comet  shone  for  a  few 
minutes  through  a  break,  in  the  clouds.  It  was  very  bright — per- 
haps brighter  than  the  first  magnitude.  To  the  naked  eye  the 
nucleus  and  coma  appeared  like  a  nebulous  star.  There  was  some 
faint  tail.  During  the  exposures  the  sky  was  white  with  a  full 
moon  and  haze,  patches  of  which  frequently  covered  the  comet. 
The  total  eclipse  of  the  moon  on  that  night  unfortunately  came  too 
late  to  aid  in  the  observations  of  the  comet. 

May  24.  At  7^55""  the  comet  was  quite  bright  to  the  naked  eye, 
with  traces  of  the  tail.  It  was  bluish  white  and  a  striking  object. 
The  head  was  large  and  hazy  and  about  15'  or  20'  in  diameter. 
The  nucleus  resembled  a  first-magnitude  star  in  haze.  The  tail 
was  25°  long.  For  5°  or  6°  it  was  noticeable  and  then  became 
rapidl}'  fainter.  At  8''35°'  it  was  quite  noticeable  for  10°  or  15°. 
At  10°  from  the  head  the  tail  was  about  2°  wide.  The  light  of  the 
comet  was  still  bluish  white.  At  8''5o"  the  tail  could  be  traced 
with  the  naked  eye  for  29°.  At  9''io™  the  sky  was  very  bright  with 
moonlight  and  did  not  seem  to  be  very  clear,  but  the  tail  was  still 
noticeable  to  the  naked  eye.  Ten  minutes  later  the  tail  was  very 
feeble  for  want  of  contrast  and  at  lo*"©"  it  was  scarcely  visible  to 
the  naked  eye,  but  the  head  was  still  very  bright  like  a  hazy  star. 
At  io'*30™  the  comet  was  still  visible,  very  low  and  dim. 

In  the  5-inch  telescope  the  nucleus  was  sharply  defined,  not  a 
point,  but  more  like  a  small  bright  planet  with  coma.  At  8''4S° 
it  was  nearly  white.  It  also  appeared  white  to  the  naked  eye. 
In  the  last  part  of  the  exposure  the  nucleus  was  about  five  times 
greater  in  diameter  than  when  the  exposure  began,  and  more  ill 
defined — ^it  seemed  to  swell  in  size. 

[The  last  part  of  the  foregoing  paragraph  is  in  accord  with  the 
observations  of  Professor  A.  E.  Douglas  at  Tucson,  Arizona,  who 
later,  on  this  same  date,  saw  the  nucleus  double.  See  Haroard 
Obseroalory  Bulletin,  No.  412.] 
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May  25.  At  8''30'"  the  tail  could  be  traced  for  21°.  The  head 
was  decidedly  less  intense  than  e  Hydrac  south  of  it.  The  sky  was 
quite  good.  At  8''5o"'  the  tail  could  be  traced  for  eight-tenths  the 
distance  between  the  head  and  Jupiter,  or  a  length  of  43°.  At 
8*'55™  the  comet  was  seen  on  a  fairly  dark  sky,  only  a  little  twilight 
effect  remaining.  It  was  very  beautiful,  though  the  head  did  not 
seem  relatively  so  bright  as  on  other  nights.  The  tail,  for  about 
20°,  was  pretty  bright,  and  increased  very  much  in  width.  At 
Q^'o™  it  seemed  to  extend  in  a  very  diffused  manner  nearly  to  the 
same  right  ascension  as  that  of  Jupiter,  a  distance  of  54°. 
Prolonged,  its  axis  would  pass  about  8°  south  of  Jupiter.  The 
tail  was  very  diffused  at  its  end  and  seemed  to  extend  northward 
nearly  to  Jupiter.  At  gi'io™  the  central  brightness  of  the  head 
was  almost  bluish  white  in  the  field-glasses.  At  9''3o'"  the  sky 
had  begun  to  whiten  with  moonlight,  but  the  comet  was  still  in 
good  relief,  the  moon  being  behind  clouds  in  the  east.  At  9''35'" 
the  tail  could  be  faintly  traced  several  degrees  beyond  87  Leoms  = 
B.D.  —  2°^T,6o  (magnitude  5.0),  which  at  this  time  was  in  the  axis 
of  the  tail,  or  for  about  43°.  At  9''55"'  the  tail  was  very  dim  on  the 
bright  moonUt  sky,  but  was  still  faintly  visible  for  10°  or  more. 

At  8''30"  with  the  5-inch  telescope  the  nucleus  was  very  small, 
like  a  ninth-  or  tenth-magnitude  star.  The  coma  was  very  large 
and  fairly  bright.  Before  the  wires  were  illuminated  the  nucleus 
did  not  appear  double,  nor  were  there  any  other  nebulosities  in  the 
field  of  view.  It  was  very  dim  and  hazy.  At  8'>50"'  the  nucleus 
was  of  the  same  brightness  as  B  .D  .-\- f  20$$  (magnitude  8.4).  At 
ghjjm  ti^g  nucleus  was  a  little  brighter  and  hazy.  At  9''35'"  it  was 
fairly  stellar  and  a  little  brighter^brighter  than  anj-  of  the  stars 
in  the  field  of  view:  {B .D .-\- f  2o^&  [magnitude  9.0],  +7°2052 
[magnitude  9.2],  -t-7°2055  [magnitude  8.4]).  At  9''5o'"  the  coma 
was  very  dense  and  extended  perhaps  5'  all  around  the  nucleus, 
which  was  very  small  and  dim. 

May  26,  7''5S'".  The  comet  was  visible  to  the  naked  eje  as  a 
faint  hazy  star.  At  8''5'"  it  was  quite  noticeable,  with  perhaps 
faint  traces  of  tail.  At  8''22'"  the  tail  was  showing  faintly  to  the 
naked  eye.  The  comet  seemed  less  bright  than  on  the  previous 
night.     At  8''30'",  with  field-glasses,  there  seemed  to  be  a  central 
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nucleus,  fairi}-  well  defined,  large,  and  bluish  white,  surrounded  by 
much  fainter  hazy  nebulosity  which  extended  from  it  to  form  the 
tail.  It  had  the  same  appearance  to  the  naked  eye.  This,  how- 
ever, was  not  the  true  nucleus,  which  was  very  small  and  seen  only 
in  the  telescope.  The  tail  was  visible  for  10°  or  15°.  At  8''4o™  the 
tail  was  very  noticeable  for  about  15°,  but  it  faded  very  rapidly 
toward  the  end.  To  the  eye  the  nucleus  was  bright — of  the  second 
magnitude.  At  8''45°'  the  sky  was  very  good  and  the  tail  was  very 
noticeable.  It  could  readily  be  traced  to  87  Leonis.  With  lield- 
glasses  the  nucleus  was  an  intense  bluish  white.  The  whole  head 
seemed  to  be  of  a  bluish-white  color.  At  8''5o"  the  tail  was  con- 
spicuous halfway  to  87  Leonis,  after  which  it  became  diffused  and 
faint.  It  seemed  a  httle  brighter  in  the  middle  near  the  head.  No 
streamers  were  seen.  The  sky  was  fairly  dark  and  the  comet  .a 
conspicuous  and  strikingly  beautiful  object.  But  the  nucleus  was 
very  much  inferior  to  Rcgulus.  At  8''55™  the  tail  was  conspicuous 
as  far  as  87  Leonis,  and,  though  rather  faint  near  that  star,  it  could 
be  traced  feebly  10°  beyond  it.  To  the  naked  eye  the  nucleus  was 
very  much  brighter  than  the  rest  of  the  head.  At  g'^o"  the  tail 
could  be  very  feebly  traced  beyond  Jupiter.  The  axis  would  pass 
6°  or  7°  south  of  the  planet.  At  g^io™  the  nucleus  was  about  as 
bright  as  5  Leonis  (magnitude  2.6).  The  comet  was  a  very  strik- 
ing object  to  the  naked  eye,  with  the  tail,  which  seemed  to  be 
straight,  reaching  as  far  as  87  Leonis,  where  it  became  faint.  At 
9''i5",  by  hiding  Jupiter,  the  tail  could  be  feebly  traced  to  a 
Virginis,  or  a  length  of  about  65°.  The  nucleus  was  perhaps  one- 
half  a  magnitude  less  bright  than  7  Leonis  of  magnitude  2.6.  At 
9''20"  the  sky  was  still  good.  The  tail  for  15°  from  the  head  was 
ever>-where  brighter  than  Praesepe.  Within  5°  or  10°  of  the  head 
it  was  4  or  5  times  as  bright  as  Praesepe.  At  9''45'"  the  comet  was 
seen  on  a  fine  dark  sky  and  was  very  conspicuous.  In  the  field- 
glasses  the  tail  widened  out  very  much.  The  nucleus  was  large 
and  bluish  white  and  was  surrounded  for  a  short  distance  by  a  hazy 
glow  of  the  same  color.  There  seemed  to  be  no  structure  in  the 
tail.  At  9*'5o"  the  moon  was  whitening  the  eastern  sky,  but  the 
tail  was  still  noticeable  as  far  as  87  Leonis,  where  it  became  faint. 
It  gradually  widened  out,  with  the  south  side  perhaps  a  httle  the 
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brighter.  To  the  naked  eye  the  nucleus  was  rather  dull.  In  the 
field-glasses  it  was  still  bluish  white  and  hazy,  like  a  star  shining 
through  a  bluish-white  mist.  There  did  not  seem  to  be  any  evi- 
dence of  streamers,  either  with  the  naked  eye  or  with  field-glasses. 
At  io''20°'  the  sky  was  very  bright  with  moonlight,  but  the  comet's 
tail  was  still  noticeable  (though  not  very  strong)  for  some  io°,  and 
could  be  traced  faintly  as  far  as  87  Leonis.  At  io''30™  the  tail 
could  still  be  traced  feebly  for  10°  or  more  from  the  head.  At 
jQhjQin  ^]^Q  comet  was  very  near  the  horizon  and  disappearing  in 
some  tree  tops,  and  nothing  could  be  seen  of  the  tail  with  the 
naked  eye. 

At  7'"55"',  with  the  5-inch  telescope  the  nucleus  was  small  and 
planetary,  and  with  the  coma  was  very  yellow.  The  nucleus  was 
larger  and  perhaps  slightly  brighter  than  B.D.-\-()°2i2g  (magni- 
tude 8.0),  which  was  in  the  field.  At  8''40",  though  less  intense, 
it  was  brighter,  and  more  yellow  than  the  star.  It  seemed  to  be 
very  much  brighter  than  on  May  25.  The  nucleus  was  estimated 
to  be  decidedly  brighter  than  the  star  at  g'^S",  and  at  9''io"  it  was 
stated  that  it  must  have  brightened  since  the  exposure  began.  It 
was  ill  defined  and  perhaps  s"^  in  diameter.  At  9''35'"  the  nucleus 
was  very  much  brighter.  It  seemed  to  have  increased  greatly  in 
brightness  but  was  very  ill  defined.  At  io''5""  it  was  decidedly 
more  yellow  and  perhaps  a  little  brighter  than  the  same  star,  though 
its  light  was  not  so  intense.  It  was  very  hazy  and  much  larger 
than  the  star.  At  io''5o'"  the  comet  and  nucleus  were  both 
very  faint. 

May  27,  8''o"'.  To  the  naked  eye  the  comet  resembled  a  small 
dim  cloud,  in  which  the  nucleus  was  small  and  faint.  The  sky  was 
smoky,  and  had  been  so  almost  all  the  late  afternoon.  At  8''i5" 
the  comet  was  dull  to  the  naked  eye,  like  a  dull  nebula  some  10'  or 
15'  in  diameter.  One  could  not  be  sure  of  seeing  an}-  tail  at  this 
time.  At  8'' 2 5""  the  tail  could  be  feebly  seen  for  4°  or  5°.  At 
gh^^m  ji  ^jjs  only  feebly  visible  for  perhaps  5°  or  6°,  but  it  could  be 
seen  fairly  distinctly.  The  sky  was  very  poor  with  some  twilight 
illumination.  At  8''38'"  the  tail  could  be  seen  rather  dimly  for 
about  10°  -sky  still  luminous.  In  the  field-glasses  the  condensation 
or  nucleus  was  of  a  bluish-white  color.     The  rest  of  the  head  and 
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tail  were  whitish.  At  8''42"'  the  tail  could  be  traced  faintly  to  87 
Leonis  (about  2^°),  and  near  the  head  for  6°  or  8°  it  was  quite 
noticeable.  The  comet  did  not  seem  as  bright  as  on  May  26,  but 
the  sky  was  poor  and  whitish.  The  nucleus  was  about  midway  in 
brightness  between  7  (magnitude  2.6)  and  f  Leonis  (magnitude 
5.1),  or  about  magnitude  3.8.  At  9''o'"  the  tail  seemed  to  be 
brighter  on  the  south  side  and  could  be  traced  quite  distinctly  to 
87  Leonis  (which  star  was  apparently  in  the  axis,  or  perhaps  a  little 
south  of  it) ,  after  which  it  became  faint.  For  one-half  that  distance 
it  was  conspicuous.  The  sky  was  fairly  dark  but  it  was  not  pure. 
With  the  field-glasses  the  tail  near  the  head  was  feebl)'  brighter  in 
the  middle.  At  g^'io'"  the  condition  of  the  sky,  though  not  pure, 
was  fair.  Possibly  the  tail  was  shghtly  curved,  with  the  convex 
side  south.  It  was  quite  noticeable  as  far  as  87  Leonis.  At 
ghj^m  there  difj  not  seem  to  be  any  structure  in  the  tail  as  seen 
with  the  field-glasses.  To  the  naked  eye  the  comet  was  a  con- 
spicuous object.  The  tail  near  the  head  was  very  much  brighter 
than  Praesepe,  but  it  faded  off  rapidly  near  87  Leonis.  By  hiding 
Jupiter  it  could  be  traced  to  a  point  halfway  between  Jupiter  and 
a  Virginis,  or  for  a  distance  of  53°  or  54°.  It  seemed  certainly  to  be 
curved  when  the  whole  tail  was  considered,  with  the  convex  side 
toward  the  south.  Near  Jupiter  it  was  perhaps  3°  in  width  and 
faint.  At  9''30'",  with  the  lield-glasses,  what  appeared  to  be  the 
nucleus  was  of  sensible  diameter  and  hazy  and  was  very  strongly 
conspicuous.  At  9''35"'  there  seemed  to  be  a  diffusion  from  that 
part  of  the  tail  near  Jupiter,  extending  to  the  north  as  high  as  the 
planet  (a  i2''i9'",  6—o°7,i').  The  star  87  Leonis  was  perhaps  a 
little  south  of  the  middle  of  the  tail.  The  nucleus  was  in  pretty 
strong  contrast  to  the  tail  near  the  head.  At  9''40"'  the  tail,  from 
87  Leonis  to  the  end,  became  exceedingly  faint  and  diffused.  At 
9''45'°  the  comet  was  still  a  conspicuous  object,  with  the  tail 
extending  to  87  Leonis.  The  nucleus  resembled  a  dull  hazy  star 
of  the  third  magnitude.  The  sky  was  fair,  though  not  specially 
pure.  At  io''20"'  the  comet's  head  was  getting  down  into  the  haze 
near  the  horizon,  but  was  still  strongly  conspicuous.  By  io''30" 
the  head  was  becoming  dim  to  the  eye.  The  tail  was  still  notice- 
able and  could  be  traced  readily  to  87  Leonis.     At  io''4o'"  the  head 
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was  very  dim.  The  tail  also  was  very  dim,  but  could  still  be  traced 
to  87  Leonis.  The  sky  up  high  and  overhead  was  very  clear,  but 
near  the  horizon  there  was  a  good  deal  of  smoky  haze. 

At  8''5'"  the  nucleus,  in  the  5-inch  telescope,  was  faint  and  ill 
defined,  with  some  haze  about  it.  It  was  very  much  fainter 
(perhaps  two  magnitudes)  than  the  star  B.D.-\- ^"21^1  of  magnitude 
8.1,  which  was  in  the  field  with  it.  At  8''45"'  the  nucleus  was  very 
dim,  and  was  very  feebly  contrasted  with  the  nebulosity.  At 
gh^o"  what  was  so  conspicuous  as  a  nucleus  to  the  naked  eye  could 
not  have  been  the  true  nucleus,  for  in  the  5-inch  the  nucleus  was 
very  small  and  faint  and  was  apparently  only  a  condensation  in 
the  coma.  It  must,  therefore,  have  been  the  brighter  part  of  the 
coma  which  formed  a  nucleus  to  the  naked  eye.  At  g'^io"  it 
seemed  to  have  grown  dimmer.  It  was  rather  difficult  to  guide  on 
and  was  very  small  and  ill  defined.  At  9''35™  the  nucleus  and  coma 
appeared  very  much  like  the  nucleus  and  close  nebulosity  of  the 
Great  Nebula  of  Andromeda  when  seen  in  an  ordinary  telescope, 
and  showed  about  the  same  amount  of  contrast,  the  bright  part  of 
the  coma  being  about  i'-2'  in  diameter  and  very  diffused.  At 
9''5o'"  the  true  nucleus  was  very  small  and  dim,  and  was  several 
times  fainter  than  the  star  B.D.-\-s°2i'ji.  It  was  surrounded  by  a 
dense  nebulosity  i'  or  more  in  diameter.  This  nebulosity  must 
have  been  what  appeared  to  the  naked  eye  as  the  nucleus.  At 
jQhjm  ^i^e  nucleus  was  difficult  to  guide  on.  The  glow  about  it  was 
ver)^  strong  and  there  was  no  contrast.  It  was  simply  a  central 
condensation  of  the  coma.  At  io''i5"'  the  nucleus  was  just  dis- 
cernible, being  all  but  lost  in  the  coma.  At  io''35'"  it  was  no  longer 
visible  to  guide  on.  I  do  not  think  its  faintness  was  due  entirely  to 
the  condition  of  the  sky. 

May  29.  At  io''5"'  the  tail  was  conspicuous  as  far  as  87  Leonis. 
a  distance  of  27°,  its  axis  passing  about  one-half  degree  north  of 
that  star.  It  could  be  feebly  traced  beyond  the  line  between 
Jupiter  and  Spica,  or  about  52°,  but  only  feebly.  It  was  noticeably 
curved — -convex  to  the  south.  The  southern  side,  from  the  head 
to  87  Leonis,  was  a  little  the  brighter  and  more  definite.  The 
nucleus  was  about  as  bright  as  77  or  5  Leonis.  The  tail  seemed  to 
diffuse  to  the  north  to  Jupiter,  and  perhaps  beyond.     The  southern 
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edge  would  about  bisect  the  line  between  Spica  and  Jupiter.  The 
comet  was  decidedly  less  bright  than  on  May  27. 

In  the  40-inch  the  nucleus  was  not  yellow,  but  was  pale  in  color. 
The  measured  diameter  north  and  south  from  one  setting  was 
2:'6. 

May  30.  At  8'' 5"'  the  comet  could  be  feebly  seen  with  the  naked 
eye  like  a  faint  nebula.  At  8''20'"  it  was  not  as  bright  nor  as 
noticeable  as  the  star  tt  Leonis.  There  was  no  tail  visible  at  this 
time.  The  sky  was  very  clear.  At  8''30™  with  the  field-glasses  the 
tail  could  be  traced  for  a  couple  of  degrees.  The  head  was  quite 
bright  and  seemed  to  be  a  nebulous  mass  without  any  special 
nucleus.  There  was  perhaps  a  faint  suggestion  of  a  tail  for  a  couple 
of  degrees,  but  very  faint.  The  head  was  about  as  bright  as  tt 
Leonis  (magnitude  4.9),  perhaps  a  little  brighter,  but  more  notice- 
able than  that  star.  At  8''4o""  the  tail  could  be  traced  as  far  as 
87  Leonis,  a  distance  of  25°,  but  was  faint  toward  its  end.  The 
sky  was  still  bright  with  twilight.  At  8''5o'"  the  comet  was  quite 
conspicuous.  The  tail  was  noticeable  as  far  as  87  Leonis  and  was 
seen  faintly  7°  or  8°  beyond  that  star  (which  seemed  to  be  nearly 
in  the  axis  of  the  tail).  For  about  15°  it  was  conspicuous.  The 
head  was  of  about  the  third  magnitude,  and  with  the  field-glasses 
resembled  a  bright  hazy  nebulosity.  At  9''i5™  the  tail  seemed 
decidedly  curved  between  the  head  and  87  Leonis,  with  the  convex 
side  to  the  south.  At  about  5°  from  the  head  it  was  of  about  the 
same  brightness  as  Pracsepe.  Nearer  the  head  it  was  brighter. 
With  the  field-glasses  the  condensation  in  the  head  looked  like 
a  large  diffused  nucleus,  bluish  white  in  color,  surrounded  by  a 
fainter  nebulosity  which  extended  back  to  form  the  tail.  The 
central  brightness  was  very  strong  as  compared  with  the  rest  of  the 
head.  At  9''25'°  the  comet,  to  the  naked  eye,  was  very  dull  as 
compared  with  its  appearance  a  few  nights  earlier,  but  it  was  still 
conspicuous.  The  tail,  where  it  passed  below  Jupiter,  had  the 
same  appearance  of  diffusing  and  spreading  out  toward  that  planet 
previously  noted,  but  Jupiter  was  too  bright  to  make  this  certain. 
The  sky  was  very  transparent,  especially  in  high  altitudes.  At 
9''40"  the  comet  was  a  striking  object.  The  tail  was  conspicuous 
as  far  as  87  Leonis,  after  which  it  became  faint,  but  bj'  hiding 
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Jupiter  it  could  be  feebly  traced  as  far  as  the  line  between  Jupiter 
and  Spica,  a  length  of  47°.  With  the  field-glasses  no  structures  or 
irregularities  could  be  seen  in  the  tail,  which  diffused  very  softly 
toward  the  edges  and  was  not  especially  brighter  in  the  middle. 
No  streamers  were  visible  either  with  the  naked  eye  or  with  the  field- 
glasses.  At  this  time  it  was  still  a  conspicuous  object.  At  io''30", 
the  comet,  though  low,  was  still  conspicuous.  The  sky  seemed  to 
be  very  good  in  its  direction.  The  head  was  quite  bright,  and  the 
tail  could  be  readily  traced  to  87  Leonis.  At  io''45'°  the  head  was 
quite  bright,  Uke  a  second-  or  third-magnitude  star,  but  the  tail 
was  lost  in  clouds. 

During  the  exposures  on  the  comet  there  seemed  to  be  a  denser 
part  some  10°  back  from  the  head,  as  if  the  tail  sagged  a  little  south 
at  that  point. 

At  8''5'",  though  the  head  was  distinct  to  the  naked  eye,  it  was 
very  small  and  faint  in  the  5-inch  guiding  telescope.  At  8''35™  the 
nucleus  was  very  small  and  starlike  and  shone  in  the  middle  of  a 
dense  nebulosity  about  o.'5  in  diameter.  It  was  one  magnitude 
brighter  than  the  star  B.D.-{-^2  2']2,  of  magnitude  9.2.  At  g'^io" 
the  nucleus  was  very  small  and  starlike  in  a  very  dense  nebulosity 
which  diffused  gradually  for  i'± .  It  was  very  much  brighter  than 
5.D.4-3°2273 — -about  i^  magnitudes  brighter.  The  sky  was  very 
clear.  At  9''45'"  the  nucleus  was  very  small  and  stellar  with  some 
haze  close  about  it.  It  was  not  very  much  brighter  than  B.D.-\- 
3°2273.  At  io*'i7'"  the  nucleus  was  almost  lost  in  the  strong  con- 
densation about  it. 

May  31.  The  comet  was  first  seen  with  the  naked  eye  at 
8'"  1 7"'.  The  sky  was  covered  more  or  less  with  hazy  clouds,  but  at 
about  io''45"',  when  seen  for  a  few  minutes  below  the  clouds,  it 
was  conspicuous. 

In  the  40-inch  telescope  at  8''42"'  the  measured  diameter  of  the 
nucleus,  north  and  south,  was  4"g. 

June  I.  At  8''io'"  the  comet  was  faintlj'  visible  to  the  naked 
eye.  At  8''40"'  only  faint  traces  of  the  tail  could  be  seen.  The  sky 
at  this  time  was  covered  with  hazy  clouds  from  the  northwest.  At 
9''o™,  in  spite  of  the  condition  of  the  sky,  the  tail  could  be  traced  to 
87  Leonis,  a  distance  of  22°.     The  comet  was  covered  with  hazy 
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clouds  nearly  all  the  time.  There  were  long  strips  of  these  clouds 
moving  southwardly,  which  were,  most  of  the  time,  only  a  few 
degrees  wide,  and  if  they  had  been  displaced  4°  or  5°  the  comet  would 
have  been  seen  on  a  good  sky  throughout  the  observations.  Once  in 
a  while  it  came  out  for  a  few  minutes  only  to  be  covered  again.  The 
rest  of  the  sky  was  good.  After  10''  it  got  on  to  a  better  sky  and 
there  was  very  little  interference  from  clouds,  but  the  sky  was  not 
good  in  the  direction  of  the  comet.  The  tail  could  be  traced  for 
several  degrees  beyond  87  Leonis,  or  perhaps  for  about  25°,  and  was 
noticeable  as  far  as  that  star.  The  head,  which  seemed  brighter  on 
this  date,  was  about  midway  in  brightness  between  7  and  77  Leonis, 
or  3™i.  At  ii''o'",  though  the  comet  was  very  low  and  dim,  the 
tail,  in  moments  of  freedom  from  clouds,  could  be  seen  up  to  87 
Leonis  fairly  well,  and  could  be  traced  some  degrees  farther.  Its 
axis  passed  slightly  north  of  that  star. 

At  8''io'"  in  the  5-inch  the  nucleus  was  very  faint  and  small 
— -just  visible — -in  a  strong  condensation.  At  8*'58'"  it  could  no 
longer  be  seen  to  guide  on. 

June  5,  9''7".  To  the  naked  eye  the  head  was  about  one-half 
magnitude  brighter  than  the  star  15  Sextantis  =  B.D.-\ro°26i$ 
(magnitude  4.1)  and  more  conspicuous  than  that  star.  The  tail, 
which  seemed  to  be  straight,  could  quite  readily  be  traced  to  87 
Leonis  and  perhaps  a  few  degrees  beyond^  but  it  was  dim.  It  was 
visible  in  a  diffused  manner  to  the  star  x  Virginis,  or  about  33°. 
To  the  naked  eye  a  faint  nucleus  was  doubtfully  visible.  The  head 
was  about  as  bright  as  87  Leonis,  and  not  much  more  noticeable 
than  that  star. 

The  comet  was  first  seen  in  the  finder  of  the  40-inch  at  8''9". 
With  the  40-inch  telescope  itself  at  8''20'",  the  nucleus  was  very 
small,  2"  or  3"  in  diameter,  and  surrounded  by  a  dense  nebulosity. 
At  q'^o'"  it  was  a  very  small  point  in  dense  hazy  light  which  was 
placed  in  a  very  strong  nebulosity  which  faded  away  rapidly,  and 
was  perhaps  3'  or  4'  in  diameter.  The  minute  nucleus  was  about 
three  magnitudes  less  than  the  comparison  star  (estimated  magni- 
tude 9=*= ;  see  Astronomical  Journal,  27,  149,  1912),  but  the  general 
brightness  of  the  head  would  be  about  2^  magnitudes  less  than 
the  star. 
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In  the  5-inch  telescope  no  nucleus  was  visible.  There  was  only 
a  strong  condensation  which  was  rather  hard  to  guide  on. 

June  6.  At  about  8''27™  the  comet  became  visible  to  the  naked 
eye  as  a  faint  hazy  spot.  At  8''47"  the  tail  was  not  yet  visible. 
The  head  was  not  quite  as  noticeable  as  the  star  p  Leonis  (magni- 
tude 3.8).  At  8''5o™  the  tail  could  be  traced  for  a  distance 
of  5°.  At  8''57'°  it  could  be  seen  faintly  to  87  Leonis,  a  distance 
of  18°.  At  q'To"  it  was  noticeable  as  far  as  87  Leonis,  which 
was  on  its  upper  (north)  edge,  and  could  be  seen  feebly  several 
degrees  beyond.  Sky  good.  At  9*'57'°  the  tail  could  be  traced 
to  X  Virginis,  or  for  32°.  Though  very  faint,  it  was  noticeable 
as  far  as  87  Leonis.  The  comet  had  faded  sadly,  however,  since 
June  I,  and  though  a  noticeable  object,  was  only  the  ghost  of 
its  former  self. 

At  8''25°'  it  was  quite  conspicuous  in  the  5-inch  telescope,  with 
a  bright  starlike  nucleus,  which  was  about  one-half  magnitude  less 
bright  than  the  star  B.D. +o°264i  (magnitude  8.0).  At  8''35" 
the  nucleus  was  beautifully  starlike,  and  imbedded  in  a  very  strong 
condensation  that  faded  rapidly  and  was  itself  nebulous.  When 
best  seen  at  9''42™  the  nucleus  was  about  one  magnitude  less  than 
B.D. -\-o°264i,  or  about  the  ninth  magnitude. 

June  7.  At  9''4o'"  the  tail  was  faint,  but  could  be  traced  to  87 
Leonis  (which  star  was  in  the  north  edge  of  the  tail),  a  distance  of 
17°.  The  entire  comet  was  fainter  than  on  June  6.  The  head  was 
of  about  the  same  brightness  as  the  star  p  Leonis.  It  was  relatively 
fainter  with  respect  to  the  tail  than  at  previous  observations. 
The  sky  was  poor  and  the  Milky  Way  dull.  There  were  no 
clouds,  however. 

The  comet  was  first  visible  in  the  finder  of  the  40-inch  at  8''8'". 
In  the  40-inch  telescope  itself  the  nucleus,  which  was  in  a  very 
strong  condensation,  was  very  ill  defined  and  blurred. 

June  9.  At  io''35'"  the  sky  was  murky  and  broken  with 
clouds.  The  comet  was  only  fairly  visible  to  the  naked  eye. 
At  best  the  tail  could  be  very  faintly  traced  to  87  Leonis,  or 
for  15°.  In  the  latter  part  of  the  observations  the  sky  was  good 
everywhere  else  but  in  the  region  of  the  comet,  which  was  co\-ered 
with  misty  clouds. 


VISUAL  OBSERVATIONS  OF  H ALLEY'S  COMET  403 

June  10.  Crescent  moon.  At  8'"47™  the  comet  was  not  visible 
with  the  naked  eye,  but  later  it  could  be  seen  faintly,  with  possibly 
a  trace  of  tail.     It  was  very  faint  in  the  5-inch  telescope. 

June  II.  The  sky  was  clear  at  dark  but  a  crescent  moon  was 
shining.  From  about  9''i5™  the  comet  could  be  seen  faintly  at 
intervals  for  perhaps  half  an  hour.  The  head  alone  was  Aasible  as  a 
dim  hazy  star,  and  was  only  just  seen  with  certainty.  Clouds  kept 
covering  the  place  so  that  the  exposures  were  badly  interrupted. 

A  faint  small  nucleus  could  be  seen  in  the  5-inch  telescope. 

This  was  the  last  date  on  which  the  comet  was  seen  with  the 
naked  eye. 

June  12.  In  the  40-inch  the  nucleus  was  very  ill  defined — not 
stellar.  It  was  placed  in  a  small  dense  nebulosity  5"  in  diameter, 
which  diffused  into  the  general  nebulosity  of  the  head.  The  nucleus 
was  of  about  the  same  brightness  as  the  comparison  star  (estimated 
magnitude  io±;  see  Astronomical  Journah  27,  149,  1912),  or  a 
Httle  less  bright,  but  was  less  definite.  The  sky  was  very  white 
with  moonlight. 

June  14.  With  the  40-inch  telescope  the  nucleus  was  almost 
stellar  and  about  one-half  magnitude  less  than  the  comparison  star 
(estimated  magnitude  9.5-10;  see  Astronomical  Journal,  27,  149, 
1912).  It  was  in  the  center  of  a  strong  condensation  about  i'  in 
diameter.     The  sky  was  thick  and  bright  with  strong  moonlight. 

June  15.  Only  the  faint  nucleus  and  central  condensation  were 
visible  in  the  5-inch  telescope.  The  comet  was  very  faint  and  dim 
throughout  the  exposures. 

June  24.  At  9''io™  in  the  5-inch  the  comet  was  somewhat 
strongly  condensed  with  no  nucleus,  and  was  perhaps  of  the  eighth 
magnitude.  It  was  not  certainly  seen  with  the  naked  eye.  At 
gh^2™  it  became  too  faint  in  dense  haze  to  guide  on  with  the  5-inch. 

June  25.  At  8''40™  it  was  of  about  the  eighth  magnitude  and 
rather  small  and  dim  in  the  5-inch  telescope.  By  9''52"  it  could  no 
longer  be  followed.  The  sky  was  very  good.  The  comet  could  not 
be  seen  with  the  naked  eye,  but  it  was  quite  noticeable  in  the  field- 
glasses,  with  which  perhaps  faint  traces  of  the  tail  could  be  seen. 

June  27.  At  g*"©™  the  comet,  though  seen  in  the  5-inch  tele- 
scope, was  very  feeble  and  too  faint  to  attempt  an  exposure. 
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GREATEST   VISIBLE    LENGTH    OF    THE    TAIL 

For  the  convenience  of  those  interested  in  the  matter,  Table  II 
contains  the  greatest  lengths  of  the  tail  as  seen  with  the  naked  eye 
during  these  observations. 

TABLE  II 


Date 


May  3 
4 
6 
9 
14 
17 
i8 
24 

25 
26 

27 

29 

3° 
June  I 
S 
6 
7 
9 


17  -I  a 

15 

17  -18 

IS 

S3 
107 
120  or  1 

29 

54 

65 

S3 

52 

47 

25 

33 
32 
17 
15 


On  hazy  sky 
On  very  bad  sky 


On  poor  sky 


A  list  of  the  photographs  obtained  with  the  various  lenses  of 
the  Bruce  photographic  telescope  is  given  in  the  catalogue  of  the 
report  of  the  Comet  Committee  of  the  Astronomical  and  Astro- 
physical  Society  of  America. 
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ELEMENTS   OF   THE   ECLIPSING   VARIABLE    STARS 
Z  DRACONIS  AND  RT  PERSEI 

By  HENRY  NORRIS  RUSSELL  and  HARLOW  SHAPLEY 

The  very  accurate  light-curves  determined  by  Dugan  for  Z 
Draconis  and  RT  Persei  give  an  opportunity  for  carrying  the  solu- 
tions for  the  orbital  elements  to  a  much  higher  degree  of  precision 
than  is  usually  practicable.  The  following  discussion  will  give  the 
application  of  the  method  of  least-squares  to  the  derivation  of 
definitive  elements  from  photometric  work,  and  will  treat  of  an 
annular  eclipse  when  the  star's  disk  is  supposed  to  be  darkened  at 
the  limb.'  The  observations  afford  conclusive  evidence  that  in 
both  cases  the  stars  are  really  darkened  at  the  limb,  and  in  the 
case  of  RT  Persei  make  possible  the  determination  of  the  eccen- 
tricity and  the  longitude  of  periastron  from  the  photometric  data 
alone. 

I.  The  star  Z  Draconis  {B.D.-\--]2,°SZ2>-  ii''39'"8,  +72°49')  was 
found  to  be  an  Algol  variable  of  large  range  by  Mme.  Ceraski 
in  1903.''  The  present  discussion  is  based  upon  the  photometric 
observations  by  Dugan,  pubhshed  in  No.  2  of  the  Contributions 
from  the  Princeton  University  Observatory.  These  number  1149, 
each  representing  the  mean  of  16  settings,  and  cover  the  entire 
period,  somewhat  more  thickly  during  the  times  of  eclipse  than 
elsewhere.  The  period,  i''8''34'"4o!95,  and  the  epoch  of  principal 
minimum  are  taken  from  Dugan's  discussion  {op.  cit.,  p.  16),  and 
normals  have  been  formed  from  the  data  given  in  his  table  of 
observ'ations  arranged  in  order  of  phase  (pp.  19-39). 

The  resulting  normals  for  that  part  of  the  light-curve  which 
lies  outside  the  principal  minimum  are  given  in  Table  i.  The 
first  column  gives  the  number  of  observations  combined  into  a 
normal — 18  during  the  secondary  minimum,  and  usually  36  out- 
side eclipse — -the  second  the  mean  phase,  counted  from  principal 

■  For  a  summary  of  the  formulae  and  notation,  and  references  to  the  original  dis- 
cussions and  tables,  see  Astrophysical  Journal,  36,  404,  1912.  .\I1  references  in  the 
te.\t  to  tables  with  Roman  numbers  arc  to  these  papers. 

'  Astronomische  Naclirichleit,  161,  159,  1903. 
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minimum,  and  the  third  the  mean  observed  Hght-intensity.  derived 
from  the  values  given  by  Dugan.  The  unit  of  intensity  corre- 
sponds to  a  stellar  magnitude  fainter  by  1.477  than  his  compari- 
son star,  5.Z).-f  72°545 — that  is.  according  to  the  data  of  p.  4  of 
his  memoir,  to  the  magnitude  10.46  on  the  Harvard  scale.  The 
fourth  column  gives  the  residuals  from  the  definitive  solution 
described  below,  and  the  remaining  columns  the  coefficients  of  the 
equations  of  condition  from  which  this  solution  was  derived. 


Phase 

Observed 

Intensity 

o-c 

+  skje" 

0.973 

—0.008 

448 

0.982 

—0.006 

538 

1 .002 

-Ho.oio 

6  20 

0.981 

—0.014 

7  01 

1. 001 

-1-0.003 

7  43 

0.992 

— O.OIO 

83s 

1 .010 

-f-0.004 

9  25 

I. on 

-I-0.002 

10  08 

1. 018 

-I-O.OO7 

II  08 

1 .009 

-0.003 

+  12  5° 

1 .006 

—  0.008 

-t-14  04 

1 .007 

—  0.005 

15  06 

1.008 

+0.022 

1538 

0.941 

-0.013 

1636 

°.94S 

-I-0.002 

17  II 

0.959 

0.000 

1748 

0.999 

-I-O.O16 

18  27 

0.989 

—  0.014 

+  19  OS 

1 .002 

— O.OII 

—  12  00 

1 .017 

4-0.003 

-10  30 

1. 021 

-(-O.OIO 

-  851 

0.998 

—  O.OII 

-   7  13 

0.991 

—0.008 

-   5  45 

0.992 

0.000 

-   4  36 

1.009 

+0.023 

-   3  27 

0.982 

+0.001 

Coefficients  of 


tb 


-0.79 
—0.60 
—0.46 
-0.34 
—0.20 
— o.io 
+0.09 
+0.25 
+0.38 
+0.55 
+0.79 

+0.92 
+0.98 
+  1 .00 
+  1 .00 
+0.99 
+0  97 
+0.91 
+0.85 

+0.68 
+0.44 
+0.14 
-0.18 
-0.44 
-0.63 
-0.79 


-0.63 
-0.36 
-0.21 
-o.  12 
-0.04 
-0.01 

-O.OI 

-0.06 
-o.is 
-0.30 
-0.62 

-0.85 
-0.97 
-1 .00 
-1 .00 
-0.98 

-0.93 
-0.83 
-0.72 

-0.46 
-o.  19 
-0.02 
-0.03 
-0.19 
-0.40 
-0.63 


-o  04 
-0.40 

-0.85 
-0.99 
-0.68 
-0.30 
-0.16 


+0.04 
+0.12 

-I-O.I2 
—  0.02 
-0.13 
— O.  12 
—0.07 
—0.02 


The  characteristics  of  this  portion  of  the  light-curve  have  been 
clearly  interpreted  by  Dugan  (pp.  41-42).  There  is  a  shallow  but 
unmistakable  .secondary  minimum,  which  follows  the  primary  at 
an  interval  slightly  greater  than  half  the  period.  Outside  eclipse 
the  intensity  rises  toward  secondary  minimum,  showing  that  the 
companion  is  brighter  on  the  side  which  receives  the  radiation 
of  the  principal  star  than  on  the  other;    and  the  light-curve  is 
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slightly  convex  upward,  indicating  a  small  ellipticit>'  of  the  stars. 
Values  of  the  constants  involved  in  these  relations  are  given  by 
Dugan;  but  these  have  not  been  derived  by  a  least-squares  solu- 
tion, and  the  number  and  accuracy  of  the  observations  justify 
such  treatment. 

If  0  is  the  orbital  longitude  of  the  bright  star,  measured  from 
the  principal  conjunction,  and  /  the  observed  intensity,  we  should 
have: 

l  =  a—b  cos  6—c  cos'  d  —  nd  , 

where  2b  represents  the  difTerence  in  light-emission  of  the  two  sides  of 
the  companion,  i  —c  is  the  ratio  of  the  minor  to  the  major  axes  of  the 
prolate  spheroidal  stars,  d  is  the  depth  of  secondary  minimum,  and  n 
the  lossof  light  at  the  corresponding  phase  duringprincipal  minimum, 
in  terms  of  the  loss  at  mid-eclipse.  (This  assumes  that  the  intensity- 
curves  of  the  two  minima  are  of  similar  form,  and  differ  only  in  depth 
— which  will  be  fully  justified  by  the  elements  given  later.) 

From  a  preliminary  solution,  the  approximate  values  were 
found  (7  =  1.004,  &  =  o.o2i,  c  =  o.oio,  ^  =  0.072,  the  middle  of  the 
secondary  minimum  being  at  phase  i3''30".  In  the  equations  of 
condition  summarized  in  Table  i,  5a,  8b,  8c,  8d  represent  corrections 
to  be  added  to  the  foregoing  values,  and  200  e  is  the  correction  in 
minutes  to  the  assumed  time  of  secondary  conjunction.  The  coef- 
ficients of  this  last  quantity  were  read  from  a  plotted  curve.  All  the 
normals  outside  eclipse  were  given  weight  i.  and  those  during  the 
secondary  minimum  weight  j.    The  resulting  normal  equations  are: 

-\-22.00Sa-\-2  .608/)  — S.oSSc  — 1 .  728.7  —  0.04  (•=  —0.0065 
-|-  2.6o8a-|-8.o88i  — 3.008c— 1 .7o8(/— 0.04  ('=—0.0025 

—  8.o88(2— 3.008J-I-5  .3o8(;-|-i  .688.7-|-o.04  f=— 0.0006 

—  1 .  728a— 1 .  7086-I-1 .68Sc-|-i .  22S(i-(-o.oo  e=— 0.0012 

—  0.048(7— o.o486-f-o.o48(; -f-o.oo8(f-)-o.  0346= -|-o.  0001  , 


I'hencc  we  find: 

Least-Squares 

Dugan 

8(7=  —0,0008, 

(7=1  .003=1=0.0023 

I  .006 

Si  =—0.0008, 

6  =  0.020±0.002g 

0.016 

8c=— 0.0014, 

c  =  0 .  009  =t  0 .  006 

0.016 

8i=— 0.0013, 

(f  =  0  .  07 1  =<=  0  .  009 

0   059 

e  =  -f-o.oo2±o 

■037 

Secondary  conjunction         i3''3o'"±7™ 

j^h^om 
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The  corrections  are  all  insensible,  which  is  not  surprising,  as 
the  preliminary  solution  was  made  on  least-squares  principles.  The 
quantities  0— C  given  in  Table  i  are  therefore  at  the  same  time 
the  absolute  terms  of  the  equations  of  condition  and  the  final 
residuals.  The  probable  error  of  the  unit  of  weight,  corresponding 
on  the  average  to  the  mean  of  37  observations,  is  ^0.0067  in 
terms  of  the  whole  amount  of  light  measured,  which  corresponds  to 
±o'"oo73  in  stellar  magnitude.  This  gives  for  the  probable  error 
of  the  mean  of  six  observations  the  value  ±o"oi8.  For  the  same 
quantity  Dugan  finds,  from  the  residuals  from  a  free-hand  curve, 
the  value  ='=o"oi6.  The  values  of  the  other  constants  found  by 
Dugan,  which  are  given  above,  are  also  in  satisfactory  agreement 
with  those  here  found. 

The  secondary  conjunction  comes  13  minutes  later  than  the 
moment  halfway  between  principal  conjunctions.  As  Dugan  has 
shown  (p.  42),  this  is  evidence  of  a  small  orbital  eccentricity,  such 
that  e  cos  co=-l-o.or,  where  w  represents,  as  usual,  the  longitude 
of  periastron  measured  from  the  ascending  node  of  the  orbit  of  the 
brighter  star.  The  secondary  minimum  is  so  shallow  that  there 
can  be  no  hope  of  determining  e  sin  oj  from  the  light-curve,  and 
it  is  legitimate  to  assume  a  circular  orbit  in  the  calculations  which 
follow. 

We  have  hrst  to  rectify  the  observed  light-curve,  that  is,  to 
remove  the  effects  of  ellipticity  and  the  radiation  effect,  which  is 
done  by  adding  to  each  observed  intensity  I  the  quantity  0.020 
(i+cos^)-t-o.oD9  /  cos^  ^,  and  then  dividing  by  1.023,  to  reduce 
the  intensity  outside  eclipse  to  unity.  The  rectified  intensity  at 
the  middle  of  the  secondary  minimum  is  0.930,  which  makes  the 
depth  of  this  minimum  o'"o79.  The  observed  and  rectified  inten- 
sities during  the  principal  minimum  are  given  in  Table  2.  The 
normals  give  the  mean  of  12  observations,  except  within  i''20"'  of 
the  middle  of  eclipse,  when  they  depend  on  6  observations.  The 
first  column  gives  the  mean  phase  for  each  of  these  normals,  the 
second  the  mean  observed  intensity,  and  the  third  the  rectified 
intensity.  It  will  be  observed  that  the  ditTerence  between  the  two 
amounts  to  a  considerable  fraction  of  the  observed  intensity  near 
the  time  of  greatest  eclipse.     The  reason  for  this  is  that,  in  recti- 
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h'ing  the  curve,  we  assume  that  the  fainter  side  of  the  companion 
(which  sends  us  most  of  the  hght  received  at  this  time)  has  been 
increased  in  brightness  until  it  equals  the  other  side.  The  fourth 
and  fifth  columns  of  the  table  give  the  residuals  resulting  from  the 
final  solutions  made  on  the  two  hypotheses  of  uniformly  bright 
star-disks  and  of  disks  darkened  to  zero  intensity  at  the  limb. 


Phase 

Obs'd 

Rectified 

Uniform 

Darkened 

Phase 

Obs'd 

Rectified 

Uniform 

Darkened 

Int. 

Int. 

o-c 

0-C 

Int. 

Int. 

O-C 

O-C 

-2''S3'?3    •■ 

0.968 

0.989 

— O.OII 

—  O.OII 

+0*^3 '''0.  .  . 

0.097 

O.I35 

+0.001 

+0.002 

—  2   4I.I.  .  . 

0.967 

0.988 

—0.012 

—0.009 

+0  16.0 

0 

127 

0 

164 

—0.004 

—  0.004 

-2   28.4.  .  . 

0.942 

0.964 

—0.027 

—0.016 

+0  24 

4 

0 

178 

0 

214 

+0.004 

+0.003 

—  2   16.9.  .  . 

0.920 

0  943 

—0.008 

+0.002 

+032 

2 

0 

228 

0 

264 

+0.003 

+0.003 

-203.8... 

0.878 

0.902 

+0.002 

+0.007 

+041 

7 

0 

273 

0 

308 

—  0.022 

—0.020 

-147.8... 

0.787 

0.813 

+0 .  004 

+0.002 

+048 

I 

0 

340 

0 

373 

—  0.006 

—  0.004 

-I  32-3-- 

0.688 

0.717 

+0.007 

+O.OOS 

+055 

I 

0 

403 

0 

436 

+0 .  006 

+0.004 

—  I    21.0.  .  . 

0.608 

0.637 

+0.010 

+0.007 

+059 

9 

0 

439 

0 

471 

+0.004 

+0.003 

—  I    I2.I.  .  . 

0.527 

0.558 

—0.004 

—0005 

+  1  04 

4 

0 

491 

0 

523 

+0.020 

+0.018 

-I  04.7.  ,  . 

0.466 

0.499 

—  0 . 008 

— O.OIO 

+  1  09 

0 

0 

515 

0 

546 

+0 .  006 

+0.006 

-058.2.  .  . 

0.424 

0.457 

+0.003 

0,000 

+  1  13 

2 

0 

538 

0 

569 

— O.OOI 

-0.003 

—  0  52.2.  .  . 

0.390 

0.423 

+0.013 

+0.014 

+  1  17 

3 

0 

567 

0 

597 

+0.005 

+0.004 

-047.0.  .  . 

0342 

0.376 

+0.007 

+0.009 

+  1  26 

0 

0 

650 

0 

679 

+0.016 

+0.013 

-042.5.  .  . 

0  30s 

0.339 

+0.002 

+0.005 

+  136 

0 

0 

707 

0 

735 

+0,001 

0.000 

-0  37.5-- 

0.271 

0.306 

+0.007 

+0.008 

+  1  45 

2 

0 

757 

0 

784 

—0.008 

—  O.OIO 

-032.7.  .  . 

0.234 

0.271 

—0.004 

—0.005 

+1  53 

8 

0 

809 

0 

835 

—  O.OIO 

—0.012 

—0  28.4.  .  . 

0.192 

0.228 

—0.007 

—0.007 

+2  01 

6 

0 

848 

0 

873 

-0.013 

—0.009 

-0  22.3.  .  . 

0.157 

0.194 

—0.005 

—0.005 

+2  12 

8 

0 

903 

0 

927 

—0.012 

—0.003 

-0  15.5.  ■  ■ 

0.126 

0.163 

—0.002 

—0.002 

+223 

5 

0 

937 

0 

959 

—0.019 

—0.007 

-008.6.  ,  . 

0.108 

0. 146 

+0 .  004 

+0.003 

+237 

7 

0 

973 

0 

994 

—0.006 

0.000 

+  2  57 

4 

0 

976 

0 

996 

—0.004 

—0.004 

We  have  now  to  determine  the  elements  of  the  system  from 
these  data,  with  the  aid  of  our  previous  determination  of  the  depth 
of  secondary  minimum.  The  elUpticity  constant  s,  which  appears 
in  our  equations,  ma\'  be  derived  from  the  quantity  c  already 
determined.  If  the  star-disks  are  uniformly  bright,  2  =  2c  =  0.018; 
if  they  are  completely  darkened  toward  the  limb,  s=|c  =  o.oii. 

We  next  transform  the  observed  phases  into  longitudes  in  the 
orbit,  by  means  of  the  equation 

e  =  —=o  003215/ 

(in  which  the  phase  /  is  to  be  expressed  in  minutes  of  time),  and 
plot  the  rectified  intensities  against  sin  d.     The  light-curve  appears 
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to  be  practically  svinmetrical,  the  differences  between  the  ascend- 
ing and  descending  branches  having  the  aspect  of  residual  errors 
of  observation.  Drawing  a  free-hand  s\Tnmetrical  curve  to  rep- 
resent the  observations,  we  find  for  the  rectified  intensity  at  mini- 
mum X  =  o.i33.  Reading  from  the  curve  the  values  of  sin  d 
corresponding  to  a  loss  of  light  of  «(i— X).  we  find: 

n  o  oo  o  25  o  50  o  75 

sin' 6{n)  o  290         o  1063       o  0528       0.0203 

The  first  of  these  values,  corresponding  to  the  beginning  of  ecUpse, 
is  decidedly  uncertain,  but  the  others  can  be  read  with  accuracy 
from  the  curve.     From  the  equation 

,y  ._sin-e(»)(i-scos'gQ)) 

Xl^,«o,  «)     sin^6i(i)(i-scos^«(w)) 

we  find,  as  the  observed  values  of  these  functions: 

x(*>''o,i)  =  0.384,         x(^>''o,  j)  =  2.oio,         x(*>"o,  o)  =  5.47:     (i) 

We  will  first  determine  the  elements  of  the  system  on  the 
hypothesis  that  the  star-disks  appear  uniformly  bright.  To  find 
approximate  values,  we  have  the  equation: 

a„=I-X.-f^^%  (2) 

in  which  i— Xi  denotes  the  depth  of  that  minimum  during  which 
the  larger  star  echpses  the  smaller.  To  find  whether  this  is  the 
principal  or  secondary  minimum,  we  must  compute  Oo  for  various 
values  of  k,  on  both  assumptions,  take  x(^j  ""o.  \)  from  Table  III, 
and  compare  with  the  observed  value.  Thus  we  find: 
TABLE  3 


x(*.  «•.  1) 


)((*.  -,  i) 


0.90. 
0.80. 
0.726 


0-937 
o  9S3 
0.977 
1 .000 


2.  296 
2.127 
2.002 
1 .900 


0.980 
0.965 


o  937 
0.972 
1 .000 


.296 
■324 
.362 


To  obtain  the  observed  value  of  x(k,  ao,  \)  we  must  have  ^  =  0.809, 
00  =  0.975.     The  larger  star  is  in  front  at  tJie  principal  eclipse, 
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which  is  very  nearh-  total.  We  have  now  for  the  light  of  the 
smaller  but  brighter  star: 

/-.  =  ^,  (3) 

whence  1-2  =  0.890,  and  L,  =  0.110. 

We  may  now  compute  a  light-curve  from  these  constants, 
using  the  equations 

/=i-aL,;         sin^e  =  ^^^±;g^;         A+Bf{k,a„)  =  o       (4) 

in  which  z' = ,  and  A  and  B  are  constants  to  be  determined. 

I  — s 

The  last  equation,  which  expresses  the  condition  that  the  obscura- 
tion at  mid-eclipse  shall  be  ao,  gives  A  =  i  .161B.  Computing  / 
for  a  =  0.00,  0.05,  etc.,  and  reading  the  corresponding  values  of 
sin  0  from  the  free-hand  light-curve,  we  find  that  a  very  good 
representation  of  them  may  be  obtained  by  setting  5  =  0.0310, 
whence  A  =0.0360;  but  on  plotting  the  computed  curve  on  a  large 
scale,  and  reading  off  the  residuals  for  the  individual  observations, 
it  appears  that  some  improvement  should  be  possible. 

A  differential  correction  by  the  method  of  least-squares  was 
therefore  attempted.  From  equations  (3)  and  (4)  we  find,  neg- 
lecting the  very  small  quantity  z': 

l=I-a  +  -^[l-K,)  ,  s[n'e  =  B\il>{k,a)-,l>{k,a^)\ 

which  for  brevity  we  may  write 

sin^fl  =  5(i/'-^„). 

Differentiating  these,  and  remembering  that  X^  and  sin  6  (that  is, 
the  time  of  observation)  do  not  var)-,  we  find: 


(5) 


\  k^a„  I  k'a„  k'al  J 

whence,  eliminating  da,  we  find  dl  in  terms  of  -5-,  dk.  and  dao- 

The  numerical  values  of  the  derivatives  of  ^  may  be  found  from 
the  tabular  differences  of  the  function.     Since  it  appears  that  the 
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provisional  value  of  ^  is  a  little  too  great,  and  that  of  ao  too  small, 
these  derivatives  were  computed  for  ^  =  0.800.  00  =  0.978. 

In  forming  the  equations  of  condition,  the  observ-ations  given 
in  Table  2  were  combined  into  normal  places,  by  taking  means  of 
the  phases  and  the  residuals  for  groups  of  from  two  to  four  of 
these.  In  all  but  three  cases,  the  resulting  normals  depend  upon 
an  equal  number  of  observations  upon  the  ascending  and  descend- 
ing branches  of  the  curve.  Just  what  observations  went  to  form 
each  normal  can  be  determined  by  inspection,  if  it  is  remembered 
that  the  unit  of  weight  for  these  equations  corresponds  to  the  mean 
of  24  of  the  original  observations — that  is.  to  four  of  the  quantities 
given  in  Table  II  of  Dugan's  paper  between  the  phases  ±  i''20'", 
and  to  two  of  the  tabular  entries  for  larger  phases.  If  these 
equations  should  be  so  written  that  the  absolute  terms  were  ex- 
pressed in  light-intensity,  they  would  be  of  very  different  weights, 
for  the  observations,  whose  probable  error  in  stellar  magnitude 
varies  but  little,  give  the  intensity  with  much  greater  precision 
when  the  star  is  faint.  To  allow  for  this,  each  equation  is  divided 
through  by  the  corresponding  rectified  intensity,  so  that  the  abso- 

dl 
lute  terms  are  of  the  form   . ,  and  may  be  converted  into  residuals 

in  stellar  magnitude  by  changing  their  signs,  and  multiplying 
them  by  1.08.  The  equations  so  obtained  are  given  weights 
proportional  to  the  number  of  observations.  The  use  of  the  recti- 
fied, rather  than  the  observed  intensity,  in  this  reduction,  is  equiva- 
lent to  giving  the  observed  magnitudes  a  weight  which  diminishes 
as  the  star  becomes  fainter,  being  i.oo  at  ma.ximum  (mag.  10.5), 
0.85  at  ii™5,  0.66  at  i2'?5,  and  0.51  at  minimimi  (i3'^o).  This 
appears  to  be  justified  by  Dugan's  remark,  '"When  there  was  haze, 
or  dew,  or  moonlight,  observations  at  faintest  light  were  mere 
guesswork"  {op.  cit.,  p.  41),  and  by  the  fact  that  under  these  con- 
ditions he  usually  stopped  observing. 

Table  4  gives  these  equations,  with  the  residuals  remaining  after 
their  solution,  and  also  the  residuals  resulting  from  the  solution 
to  be  described  later,  in  which  the  star-disks  arc  supposed  to  be 
completely  darkenetl  toward  the  limb.     To  make  the  equations 
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more  nearly  homogeneous,  the  unknowns  have  been  taken  as  .v  = 
^-g,  y  =  dk.  =  =  3</o„. 

TABLE  4 
Equations  of  Condition 


Mean 

Phase 

0^  STS 

0  I,S 

8 

0  26 

Q 

038 

6 

0  50 

b 

I  01 

8 

I  12 

9 

I  23 

5 

I  34 

2 

I  48 

9 

2  02 

7 

2  14 

8 

2  26 

0 

2  39 

4 

—0.151—1 
— 0.42a;— o 

—  o .  76.V — o 

—  0.92.T— o 

—  o.g8.v— o 

—  I .  oo.v  —  o 
— o.Qg.v— o 

—  0.96.V— o 

—  o.g2.v— o 

—  o .  84.V  —  o 
-0.73.v-0 

—  o.62.r— o 
— 0.44.V— o 

o .  ooj;     o 


72^-2.492= 

933'-i-9SS^ 
23y-i.27Z-- 

o5J'-o.7Sz  = 
iiy— 0.483  = 
2oy-o.32z- 
297—0.24:  = 

367-0.  l8s: 

413'  — o.  142  = 
45>'— o.ogG  = 
43y— o.o6s  = 
403'— 0.04s: 
3o;y  — 0.02c: 
oov     o . ooo 


=  +0.008 
=  —0.030 
=  —0.020 
=  —0.023 
=  +0.007 
=  +0.009 
=  +0.005 
=  +0.024 
=  +0.011 
=  +0.001 
=  +0.001 
=  —0.004 
=  —0.020 
—0.009 


+0.017 

—  0.017 

—  o . 005 
-0.013 
+0.012 
+0.010 
+0.003 
+0.020 
+0.006 
—0.006 
—0.006 

— O.OIO 

—0.025 
(—0.009) 


+0.017 
— o.oiS 
—0.006 
—0.008 
+0.014 
+0.005 

0.000 

+0.014 
+0.003 

—0.009 

— O.OOI 
—  O.OOI 

—0.012 

-0.005 


The  normal  equations  resulting  from  these,  and  their  solution, 


8-39-i'+3  1 23'+3  762= -0.0015 
3.i2a:+3.I3>'+3-792  =  +ooo29 
3 .  76.V+3 .  ygy+7 .  633  =  +0  0489 


.V  =  —  o  0008  weight  5 . 4 
31=— 0.0163  weight  1.0 
:= +0.0149    weight  3.0 


The  weighted  sum  of  the  squares  of  the  residuals  is  diminished 
by  the  solution  from  0.002681  to  0.001987.  The  resulting  value 
of  the  probable  error  of  the  unit  of  weight  is  ±0.0095,  correspond- 
ing, in  stellar  magnitude,  to  ±0.0104. 

Applying  the  corrections  thus  derived  to  the  provisional  con- 
stants, we  have  the  corrected  values : 

5  =  0.03095 ±0.00026,  whence  i—Xi  =  0.868 
/fe  =  o.793     ±0.010  Z,2  =  o.886 

00  =  0,980     ±0  002  L,=o.ii4 

The  light-curve  computed  from  these  data  gives  values  for  the 
residuals  which  agree,  within  the  limits  of  error  of  the  graphical 
process,  with  those  derived  from  the  equations  of  condition. 
Hence  the  values  of  the  constants  just  found  may  be  accepted  as 
final. 
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For  the  beginning  of  eclipse  we  find  sin- ^'  =  o.  2269,  corre- 
sponding to  a  semi-duration  of  2''34™6.  To  find  the  remaining 
elements,  we  have  the  equations: 

a\{i—zcos^6'){i-\-ky  =  co?<'icos,^6'-\-sm-0'\     b\  =  a\{i—z)       \     ,  , 
a\{i—z)\i-\-kp{k,a„)\'  =  cos'i\       a,  =  ka,\       h,  =  kh,  \    ^' 

From  Table  I  we  find  p{k,  ao)  =  — o. 934.  and  then 

(J,  =  0.2695,        03  =  0.2137,        cos  /  =  o. 0695  . 

To  find  the  probable  errors  of  these  quantities,  we  must  express 
their  differential  increments  in  terms  of  the  quantities  .v.  y.  z  which 
appear  in  our  least-squares  solution,  and  also  make  allowance  for 
the  fact  that  the  probable  errors  of  these  three  quantities  are  not 
determined  independently  of  one  another.  From  the  form  of  the 
normal  equations,  we  have  for  the  sum  of  the  squares  of  the  resid- 
uals (if  X.  y,  2  denote  variations  from  the  values  which  make  the 
sum  of  the  squares  a  minimimi  M) : 

[pvv\  =  M+8 .  39-^''+6  ■  24.VV-I-7  ■  02.VS-I-3 .  13 v-'-|-7  . o8vc-|-7  .  633^ , 
or 

[/)ot]=.1/-|-(2. 90.1-1- 1. o8y+i.3o=)^-H(o.98>-|-2.42s)^-f(i. 005 v)'  . 

The  quantities  in  parentheses  are  determined  independently  by 
the  observations,  with  weight  unity.  We  will  call  them  p.  q,  r. 
If  the  small  quantity  z  is  neglected,  (i,.  a,,  and  /  are  given  by  the 
equations: 

«Ki+cot^/)  =  ~^;    cot^/  =  ^-.4. 

These  are  abundantly  accurate  enough  fur  our  present  purpose 
(giving,  in  fact. 

a,  =  0.268,        ai  =  o.2i2,        0051  =  0.071). 
Differentiating  them,  and  introducing  the  numerical  values 

<^,(^)  =  o.43i  ,     <^,(^)  =  o.749,     -g-=-o.oi,      g-=-t-o.93 

(which  are  readi!\'  found  from  Table  Ila).  and  also 
Si//  &/- 
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we  find  without  difficulty: 

—  =  I  .g9.v+o.o6_v+o  02S  =  o.69/»— o.  369— 033^  . 

—  =  I  .gg.v+i  .32_v+o  02:  =  0.60/)  — o  369+0,  93^  . 

dicoV  i)  =o.oio.v  — 0040V  —  0  0243  =  0  004/)— o  01 2(/  —  o  03 2r  . 

The  weights  of  these  three  quantities  are  the  reciprocals  of  the  sum 
of  the  squares  of  the  coefficients  of  p,  q,  r,  in  these  equations. 

The  iinal  values  of  the  elements  thus  derived  on  the  hypothesis 
of  uniformly  bright  star-disks  are  given  below,  in  Table  6,  and  the 
outstanding  residuals  for  the  observations  and  normal  places  above, 
in  Tables  2  and  4.  These  residuals  are  distinctly  systematic,  and 
are  larger  than  might  have  been  expected,  giving  a  probable  error 
of  ±o™oio4  for  the  mean  of  24  of  the  original  observations,  or  of 
±o'"o2i  for  the  mean  of  6.  while  from  the  observations  outside 
principal  minimimi  we  found  ±o™oi8  for  this  latter  quantity. 
The  discrepancies  between  observation  and  calculation,  and  espe- 
cially the  large  negative  residuals  near  the  beginning  and  end  of 
ecKpse — which  indicate  that  the  actual  duration  is  longer  than 
the  computed — are  such  as  would  be  caused  by  darkening  of  the 
star-disks  toward  the  limb. 

We  therefore  proceed  to  a  second  solution,  in  which  we  assume 
that  the  apparent  brightness  of  the  disks  varies  as  the  cosine  of  the 
angle  of  emission  of  the  light,  and  falls  off  to  zero  at  the  limb.  We 
must  now  use  the  formulae  and  tables  prepared  for  this  case  of 
completely  darkened  stars. 

For  the  relation  between  k  and  ao  we  now  have: 


ao-(l-X.)" 


If  we  suppose  the  larger  star  to  be  in  front  at  principal  minimum 
(so  that  I  — Xi  is  greater  than  i  — X2),  we  compute  Q  for  various 
values  of  ao,  find  the  corresponding  values  of  k  from  Table  V,'  and 
then  take  the  x-functions  from  Table  lllx,  with  arguments  k,  a„. 
If,  however,  we  assume  that  the  smaller  star  is  in  front,  we  must 

■  It  aids  in  this  process  to  note  that  Q(k,  a^—k'  changes  but  slowly  with  k  and  a^. 
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interchange  the  numerical  values  of  X,  and  \,.  compute  Q  and  k  as 
before,  and  a"  by  the  equation 

„        Q{k,  gp) 

and  take  the  x-functions  from  Table  IIIv,  with  arguments  k,  a". 
In  this  way  we  find  (assuming  i— Xi  =  o.867,  i—Xj  =  0.070): 

TABLE  5 
Large  Star  in  Front 


a. 

0(*.  «•) 

k 

a."                 \i.k.a..\) 

x(*. ".  i) 

x(*,  «..  0) 

0.569 
0.619 
0.844 
0  959 
1. 000 

0.689 
0.740 
0.884 
0.961 
1 .000 

0.502 

0-459 
0.412 
0.389 
0.373 

1.686 
1-773 
I  905 
I  965 
2.012 

o.gSo 
0.950 
0.940 
0-937 

4.62 

4.89 

Small  Star  in  Front 


0  950 

0.985 

0.982 

0.942 

0.371 

2.024 

S-17 

0  980 

0  953 

0.950 

0.968 

0-365 

2.048 

5-30 

I .000* 

0  934 

0.925 

1 .000 

0.360 

2.080 

5-49 

I+l-t 

0.934 

0.915 

i+x 

0.357 

2.090 

5  SI 

Obsened  Vc 

dues  of  x-functions .... 

0.384 

2.010 

S-47: 

*  Grazing  annular  eclipse. 


t  Central  annular  eclipse. 


It  appears  from  this  table  that  the  smaller  star  must  undergo 
eclipse  at  the  principal  minimum.  The  observed  value  of  x(^,  ao.  I) 
is  exactly  represented  if  00  =  0.939,  ^  =  0.972.  and  that  of  x{k~o.o.\) 
if  a„  =  o.937,  ^^  =  0.998.  That  of  x(^-  Oo-  o)  is  too  uncertain  to  be 
of  value  in  this  connection. 

We  therefore  assume  ^•  =  0.985.  00=0.938 — whence  ^,  =  0.925, 
L,  =  o.o75 — and  compute  a  light-curve  from  these  elements,  using 
formula  (4),  but  taking  the  i^-functions  from  Table  II.v,  and  using 
the  value  3  =  0.011.  already  found  to  be  appropriate  in  this  case. 
We  thus  find  5  =  0.0306,  yl  =0.0330,  and  obtain  a  curve  which  is 
already  very  good  but  appears  capable  of  some  improvement.  In 
this  case  the  adjustment  was  made  by  empirical  changes  of  the 
constants,  as  it  did  not  seem  worth  while  to  undertake  the  labor  of 
another  least-squares  solution.     A  very  satisfactory  representation 
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was  obtained  by  diminishing  k  by  0.005,  B  by  0.0002,  and  Xj  by 
0.002,  leaving  a^  unchanged.  These  changes  reduce  the  depth 
of  the  secondary  minimum  by  o'"oo2,  which  is  practically  negligible. 

The  residuals  outstanding  from  the  light-curve  finally  adopted 
are  given  in  the  last  columns  of  Tables  2  and  4.  In  the  latter,  the 
weighted  sum  of  the  squares  of  the  residuals  is  o. 001 126,  as  against 
0.001528  for  the  preliminary  darkened  solution.  Both  of  these 
sums  include  the  normal  place  at  phase  2''39"4,  which  falls  outside 
the  eclipse  on  the  uniform  hypothesis.  If  this  observation  is  in- 
cluded in  the  uniform  case  also,  the  sum  of  the  squares  is  0.002068 
for  the  best  possible  uniform  solution — almost  twice  as  great  as 
on  the  assumption  of  darkening  at  the  limb.  That  this  star  does 
not  present  a  uniform  disk  seems,  therefore,  to  be  beyond  question. 

The  residuals  from  the  darkened  curve  still  show  a  systematic 
run  of  signs,  and  are  similar  in  character  to,  though  less  in  numerical 
magnitude  than,  those  of  the  uniform  solution.  This  would  indi- 
cate that  the  apparent  brightness  of  the  star's  disk  actually  falls 
off  still  more  rapidly  than  we  have  assumed.  It  would,  however, 
hardly  be  safe  to  draw  this  conclusion  for  the  representation  of  the 
observations  is  already  all  that  could  be  expected — the  probable 
error  of  the  mean  of  24  observations,  according  to  the  darkened 
solution,  being  =^0^0073,  <^^'^  that  of  6  observations  ^o^ois, 
while  the  latter  quantity  for  the  observations  outside  principal 
minimum  was  ±o™oi8. 

Proceeding  to  find  the  elements  corresponding  to  the  darkened 
curve,  we  have  again  a  set  of  equations  of  the  form  (6),  in  which 
now  the  function  p{k,  a^  must  be  taken  from  Table  I.r.  We  find, 
from  the  computation  of  the  light-curve,  sin^  9' =  0.2642 — corre- 
sponding to  a  semi-duration  of  eclipse  of  2''48'"o — and  then  ai  = 
0.262,  02  =  0.257,  cos  f  =  0.054. 

The  final  elements  derived  for  the  system  of  Z  Draconis.  on  the 
two  hj^otheses  of  unifonn  disks  and  disks  completely  darkened 
toward  the  limb,  are  siunmarized  in  Table  6,  along  with  various 
related  quantities.  The  probable  errors  of  the  darkened  elements 
are  not  given,  since  these  were  not  obtained  by  a  formal  least- 
squares  solution;  but  they  are  presumably  somewhat  less  than 
those  of  the  uniform  elements.     The  elements  found  by  Dugan 
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{op.  cit.,  p.  43)  are  also  given,  for  comparison.  These  differ  so 
little  from  the  final  elements  derived  on  the  hypothesis  of  uniform 
star-disks  that  the  only  return  for  the  labor  of  the  least-squares 
solution  has  been  the  certainty  that  the  darkened  curve  fits  the 
observations  better  than  the  other  can  possibly  do. 

TABLE  6 
Elements  of  the  System  of  Z  Draconis 


Dugan 


Maximum  radius  of  larger    star a, 

Minimum      ''         "         "         "   ii 

Ma.Kimum     '"        "  smaller    " a^ 

Minimum     ''        "         "        "   62 

Ratio  of  the  radii  of  the  stars k 

Ratio  of  the  axes  of  the  spheroidal 

stars 1-I-5S 

Least  apparent  distance  of  centers. .  .  cos  i 

Inclination  of  orbit  plane i 

Eccentricity  of  orbit e  cos  w 

Maximum  fraction  of  light  of  the  smaller 
star  obscured  during  eclipse a„ 

Difference  of  light  of   the   sides  of  the 
larger  star 26 

Light  of  the  smaller  star £2 

Light  of  the  larger  star 

Brighter  side Li 

Fainter  side Li  —  ib 


Ratio  of  surface-brightness 
Of  the  bright  sides  of  the  two  stars    y 
Of  the  sides  of  the  fainter  star 


Stellar  magnitude 
Of  the  brighter  star. 
Of  the  fainter  star 

Bright  side 

Faint  side 


Density  of  the  brighter  star Pa 

Density  of  the  fainter  star />■ 

(assuming  equal  masses) 


o.  270 
o.  266 
0.217 
0.214 
0.805 

1 .016 

0.074 

85°44' 

-l-o.oio 


15-8 


0.36 
o.  19 


0.2695! 
0.2671 
0.2137 
0.2118 
o  793 

I  oog 

0.0695 

86°oi' 

-|-o  010 

0.980 

0.040 
0.886 

o.  114 

0.074 


'^3 

1-54 


12.80 
■3^7 


o  39 
o.  ig 


±0.0025 
±0.010 


=  o . 0024 
=  7' 
=0.005 


=  o . 002 
=  o . 006 


0.262 
o  261 
0.2S7 
0.256 
0.980 


0.054 

86°55' 
-l-o.oio 


0.938 


o  040 

0.927 


0.073 

o  033 


13  I 

2.2 


13-^6 
14.  12 


The  unit  of  light  is  the  combined  light  of  the  brighter  sides  of 
the  two  stars,  and  corresponds  to  a  stellar  magnituile  of  10.24. 
The  unit  of  length  is  the  mean  radius  of  the  orbit,  which  must 
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remain  unknown,  as  the  star  is  far  too  faint  for  spectrographic 
study.  The  unit  of  density  is  the  sun's  density.  It  is  probable, 
by  analogy  with  investigable  cases,  that  the  brighter  component 
is  more  massive  than  the  other,  and  therefore  that  it  is  denser,  and 
the  fainter  component  less  dense,  than  the  tabular  values. 

The  general  characteristics  of  Z  Draconis  are  fairly  typical  of 
eclipsing  variables.  There  is  nothing  unusual  about  the  system, 
except  the  great  accuracy  of  the  observed  light-curve,  and  the  con- 
sequent precision  of  the  elements.  There  can  be  httle  doubt  that 
the  brighter  component,  at  least,  is  considerably  darkened  at  the 
limb,  and  the  eclipse  theory,  on  this  hypothesis,  gives  a  very  satis- 
factory account  of  the  observed  variations  in  brightness.  The 
principal  difference  between  the  uniform  and  darkened  elements 
is  that  the  smaller  and  brighter  component  comes  out  considerably 
larger  and  less  dense  on  the  latter  assumption  (as  is  almost  always 
the  case).  Even  so,  it  is  decidedly  denser  than  the  majority  of 
eclipsing  variables. 

In  response  to  an  inquiry  from  the  writer.  Miss  Cannon  very 
kindly  examined  the  spectrum  of  Z  Draconis  on  several  plates,  but 
found  it  too  faint  to  classify.  From  analogy  with  other  ecUpsing 
variables  of  similar  density,  it  might  be  expected  to  be  of  class  A 
or  class  F. 

While  the  data  are  not  sufficient  to  justify  an  estimate  of  the  dis- 
tance of  this  system,  they  are  enough  to  make  it  probable  that  it  is 
very  remote.  Assuming  the  sun's  stellar  magnitude  to  be  —26.8, 
it  is  easy  to  show  that  a  star  of  magnitude  w,  mass  M.  density  p, 
and  surface  brightness  /  (with  reference  to  the  sun  as  a  standard) 
must  have  the  parallax  7r"  =  (o.63o)"'+° 'p*if  ~*7~^'  Applying 
this  to  the  bright  component  of  Z  Draconis — using  the  data  of  the 
darkened  solution — we  find, 

tt"  =  o'.'oo44M~''J~^ . 

The  mass  and  surface  brightness  are  unknown;  but  in  most  eclips- 
ing variables,  when  they  can  be  estimated,  they  are  found  to  be 
greater  than  in  the  case  of  the  sun.  It  seems  likely,  therefore,  that 
the  distance  of  this  system  is  of  the  order  of  magnitude  of  1,000 
light-years. 

'  Cf.  Schlesinger,  Puhlicalioiis  of  the  AUeghetty  Observatory,  2,  61,  igio. 
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II.  The  series  of  photometric  measures  of  RT  Persei  by  Dugan. 
published  in  No.  i  of  the  Contributions  from  tite  Princeton  Univer- 
sity Observatory,  comprises  nearly  fifteen  thousand  comparisons, 
and  fixes  the  Kght-curve  with  a  precision  that  is  not  surpassed  by 
observations  on  any  other  star.  The  unusual  accuracy  of  the  com- 
parisons and  the  existence  of  a  well  defined  secondary  minimum 
have  permitted  the  most  complete  application  of  the  theory  of 
eclipsing  binaries.  For  this  star  more  information  has  been  derived 
from  the  hght-curve  than  has  ever  before  been  obtained  from  a 
single  curve — in  fact  all  the  quantities  have  been  derived  that  are 
possible  from  photometric  observations  alone.  In  addition  to  the 
nine  independent  unknown  quantities  found  for  Z  Draconis,  the 
line-of-sight  component  of  the  eccentricity  and  a  definite  perias- 
tron  effect  are  determined  from  the  curve  of  RT  Persei.  and  in  this 
case  also  the  existence  of  darkening  at  the  limb  is  demonstrated. 
The  method  of  discussion  closely  follows  that  for  Z  Draconis.  and 
only  those  points  which  are  more  or  less  unique  will  be  mentioned 
in  detail  in  this  presentation.  '  It  may,  in  fact,  facilitate  matters 
if  the  points  of  special  interest  in  the  discussion  are  simply  enu- 
merated in  the  order  in  which  they  arose. 

1.  The  asymmetry  of  the  light-curve  at  i^rincipal  minimum 
becomes  practically  negligible  after  a  shift  of  the  epoch  of  mid- 
eclipse  of  —  I .  o  minute.  The  sum  of  the  residuals  from  the  com- 
puted curves  is  reduced  20  per  cent  by  such  an  adjustment. 
With  this  slight  change  the  formula  for  minima  derived  by  Dugan 
is  2417861^63026-1-0^8494222  E.  The  matter  of  the  asymmetry 
outside  the  minima  will  be  referred  to  later. 

2.  The  normal  places  of  six  observations  each,  published  in 
Table  IV  (op.  cit).  were  combined  into  supernormals  of  30  obser- 
vations each  for  maximum  light,  of  24  observations  each  for  second- 
ary minimum,  and  of  12  observations  each  for  the  primary.  From 
the  maximum-light  groups  13  equations  of  condition  were  formed 
and  values  were  derived  for  ellipticity,  dilTercntial  reflection,  and 
mean  maximum  light.  All  observed  intensities  were  then  rectitied 
!)}•  means  of  the  relation: 

..    ,   .          .        Observed  intensitv-|-6(i-|-cos  6)-|-t7cos'fl 
Rc'Ctilied   iiitonsily  = = — j , 


ELEMEXTS  OF  Z  DRACONIS  AND  RT  PERSEI 


421 


where  from  the  least-squares  solution  6  =  0.011=^0.0046  and 
c  =  o. 017*0.012;  the  divisor,  £0=1015,  reduces  the  rectified 
intensity  outside  minima  to  unity.  The  maximum-light  groups 
are  given  in  Table  7.  The  phases  are  computed  from  the  nearest 
primary  minimum,  and  the  first  column  of  residuals  refers  to  the 
mean  ma.ximum  light  of  i  .000. 


TABLE  7 


Observed 

Intensity 


Rectified 
Intensity 


-|-2l"II 

2  3Q 

3  24 

4  27 

5  32 
658 

+7  54 
-8  I 

6  47 

S  24 

4  17 
3  22 

-2  28 


0.983 
0-99S 
0-993 
1. 017 
1. 015 
1. 017 
1 .012 
0-99S 
0.989 

0-995 
1. 000 
0.978 
0.991 


0.998 
1 .006 
0.998 
1 .017 
1 .010 
1. 012 
1. 010 
0.992 
0.983 
0.990 
1. 000 
0.984 
1.004 


—0,002 
-|-o .  006 
—0.002 
-I-0.017 
4-0.010 
-I-0.012 
-l-o.oio 
—0.008 
—0.017 

— O.OIO 

0.000 
—  0.016 
-|-o .  004 


008 

001 
010 
007 
000 
004 
004 
002 
009 
000 
010 

008 

010 


3.  As  noted  by  Dugan,  the  intensity  is  distinctly  higher  between 
primary  and  the  following  secondary  than  in  the  half  of  the  curve 
preceding  the  primary.  Maximum  intensit}-  in  the  latter  case, 
determined  from  180  observations,  is  0.992*0.002.  During  the 
first  half  of  the  maximum  light  210  observations  give  the  mean 
value  1. 007*0. 002.  The  sum  of  the  squares  of  the  residuals  in 
the  foregoing  table  is  reduced  by  appl}-ing  the  appropriate  sine 
curve  correction'  from  1402  to  595.  The  amplitude  of  the  sine 
curve  is  0.020.  From  the  residuals  in  the  last  column  above  the 
probable  error  of  the  mean  maximum  light  is  ±0.0015  after  this 
adjustment;  it  was  ±0.004  from  the  least-squares  solution. 

Since  the  middle  point  of  secondary  ecUpse  comes  nine  minutes 
earlier  than  the  point  midway  between  primary  minima,  the  peri- 
astron  passage  occurs  between  primary  eclipse  and  the  following 
secondary,  and  therefore  the  asymmetry  just  discussed  is  evidently 


'  Asirophyskal  Jouriinl,  36,  69,  191 2. 
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to  be  attributed  to  the  periastron  effect.  The  difference  of  two- 
hundredths  of  a  magnitude  should  probably  be  considered  the  result 
of  secondary  heating  and  reflection  arising  from  the  eccentricity 
of  the  orbit,  or  the  result  of  a  secondary  tidal  action.  It  has  been 
shown  by  Dugan  {op.  cit.,  p.  40)  that  simple  reflection  alone  is  not 
sufficient  to  account  for  the  mean  reflection  effect  considered  in  the 
last  section.  In  like  manner,  considering  the  small  eccentricity 
found  later,  it  is  immediately  evident  that  the  increase  in  the 
differential  reflection  at  periastron  is  insufEcient  to  account  for  the 
observed  difference,  and  recourse  must  be  had  again  to  the  reason- 
able supposition  that  there  exists  a  cumulative  heating  effect. 

4.  The  solution  for  the  orbit  was  made  completely  by  the 
graphical  method,  experience  having  shown  that  the  adjustment 
by  least  squares  is  an  unnecessary  refinement.  The  circular  ele- 
ments for  uniform  disks  obtained  by  Dugan  served  as  a  first 
approximation  to  the  interpretation  of  the  principal  echpse.  The 
main  dift'erence  between  the  new  circular  uniform  elements  and 
those  already  published  arises  from  the  use  of  the  new  cllipticity 
constant.     The  two  solutions  are  compared  below: 


Uniioru  Ciscular  Elements  Derived  frou  Principai,  MmiHuii 

k 

a 

4 

< 

Lh 

h 

-7 

1 .00 
1. 00 

0.274 
0.272 

0.268 
0.267 

8544 

0.861 
O.83Q 

O.I39 
0.161 

6.2 

5-2 

These  sets  of  elements  represent  the  primary  accurately,  but  they 
are  not  adequate  for  the  secondary  eclipse  which  is  noticeably  of 
longer  duration. 

5.  From  the  displacement  of  secondar\-  minimum  we  derive: 


<„-„-f) 


=  —0.012 


P(i-f-cosec'j) 

The  line-of-sight  component  of  the  eccentricity  is  obtained  from 
the  equation: 

esin<u=— ^---^'^      , 
2  +  (ps+Pt)k 
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where  the  quantities  p^  and  pp  are  the  functions  p{k,  Oo)  taken 
from  Table  I  for  ^  =  i .  00  and  for  the  values  of  the  maximum 
eclipse,  ao,  at  secondary  and  primary  minima,  respectively.  The 
value  of  the  fraction  of  the  light  eclipsed  at  the  primar>',  a„p, 
used  in  the  circular  solution  above,  is  0.823.  The  fraction  at 
the  secondary  ecUpse  would  be  the  same  for  a  circular  orbit;  but 
it  is  in  general  different  when  the  orbit  is  not  circular,  and  in 
this  particular  case  must  be  smaller  since  the  relative  widths  of 
the  two  minima  indicate  that  the  stars  are  nearer  apastron  at 
secondary  eclipse. 

For  an  eccentric  orbit  the  depths  of  the  two  minima  and  the 
ma.ximum  percentages  of  light  eclipsed  are  connected  by  the 
relation  (when  ^=1): 

"0^(1 -A.s) 

A  few  approximations  showed  that  for  i— Xs  =  o.i3,  i—\p  =  o.6g, 
and  consequently  a„,  =  0.807,  the  hght-curve  computed  for  the 
secondary  minimxun  was  entirely  satisfactory.  Its  duration  is 
exactly  four  hours,  and  is  20.6  minutes  longer  than  the  primary. 
Adopting  these  values  of  aoj,  and  a„s  we  derive  immediately  e  sin  co 
=  +0.043.  e  =  o.o45,  3.nd  w=i64°. 

6.  The  light-curve  for  the  secondary  minimum  was  computed 
by  transforming  the  circular  elements  of  principal  minimum  into 
another  set  of  circular  elements  for  secondary  minimum  by  means 
of  the  equations  (30)  and  (32),  Aslrophysical  Journal,  36,  57.  and 
working  the  problem  in  reverse  order  from  elements  to  light-curve. 
By  means  of  equation  (30)  the  final  elliptic  elements  were  readily 
derived  and  are  given  in  a  subsequent  table.  The  light  of  the  two 
stars  and  the  relative  surface  intensities  are  obtained  from  the 
relations : 

7.  The  solution  for  darkened  elements  of  RT  Pcrsci  developed 
a  novelty  in  the  apparent  existence  of  a  non-central  annular  eclipse 
at  principal  minimum.  This  condition  is  to  be  e.xpected  upon  an 
examination  of  the  uniform  elements.     E.xperience  has  shown  that 
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the  general  effect  of  the  introduction  of  the  assumption  of  complete 
darkening  at  the  limb  is  to  increase  the  inclination  of  the  orbit  and 


Observed 
Intensity 


Rectified 
Intensity 


I  47 
I  35 
I  23 
I  II 
I     o 


o  519. 
o  44.2. 
033  9- 
o  24S- 
o  18.4. 
o  10  3. 

-o     2.5. 

+0    4.2- 

O  12. I . 

o  ig.y. 
o  26.9. 
o  34.4- 
o  41 .6. 

0  48.5. 
oSS-6- 

1  3.1. 
I  12.0. 
I  22.2, 
I  32.0. 
I  42.2. 
I  5I-3- 

+  1  S9-3- 


o.gSo 
0.963 
0.928 
0.891 
0-79S 
0.727 
0.664 
0593 
0.S08 
0.421 
0.377 
o  330 
o.  291 

0.294 
0.328 
0.378 

o  432 

0505 
0.566 

0.626 
0.694 

0.75S 

0.824 

0.871 
0.950 

0.960 

0.968 
0.995 


0.996 
0.980 

0.949 

0.9II 

0.816 
0.749 
0.686 
0.615 
0.530 
0.444 

o  399 
o  353 
0.314 
0.316 

0  351 
0.400 
0.454 
0.527 
0.588 
0.648 
o.  716 
0.780 
0.846 
0.891 
0.970 
0.979 
0.985 

1  on 


—  o . 004 
-o  015 
—0.013 
+0.007 
-0.013 

0.000 

+0.006 

0.000 

+0.003 
—0.008 
—0.003 
+0.007 
0.000 

—  0.002 

—  0.005 
—0.013 

—  0.018 
—0.003 

—0.004 
0.000 

+0.005 
+0.010 
+0  013 

—  0.004 
+0.022 
—0.005 

—  0.015 

+  O.OII 


—  0.004 

— O.OIO 

—  0.012 
+0.003 

—  0.017 

—  0.004 
0.000 

—  0.002 
+0.008 
+0.003 
+0.009 
+0.013 
-0.003 
—0.005 
+0.003 
+0.001 

—  o . 007 
+0.001 

—  0.005 

—  0.007 
0.000 

+0.005 
+0.007 
—0.009 
+0.022 
—0.003 

—  O.OIO 
+  O.OII 


Second.'Vry  Minimum 


—  2  12. 1 . 

I  41.8. 

I     75. 

o  44.8. 
-o  17.7. 
+0  10.9. 

034  3- 

0  S7-6. 

1  26.4. 
+1  s6.2. 


+0.013 
—0.007 
—0.008 
+0,001 
+0.008 
+0.003 
—0.010 
-0.003 
—0.007 
—0.014 


+0.013 
—0.005 
—0.009 
+0.002 
+0.007 
0.000 

—  0.009 

—  0.002 
—0.007 

—  O.OIO 


invarialjl\-  to  increase  the  size  of  the  brighter  star,  usually  without 
appreciable  change  in  the  size  of  the  darker  companion.'     In  the 
'  Astro  physical  Journal,  36,  281,  1912. 
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unifomi  solution  the  stars  are  found  to  be  sensibly  equal,  with 
large  partial  eclipses  at  both  minima.  An  increase  of  20  per  cent 
in  the  radius  of  the  brighter  star  (as  was  found  for  Z  Draconis) 
with  a  small  increase  in  the  inclination  of  the  orbit  would  project 
the  darker  companion  entirely  upon  the  disk  of  the  larger  star  at 
the  middle  phase  of  primary  eclipse.  This  general  result  is  so 
definite  that  we  can  safely  assume  at  once  that  the  secondary 
eclipse  is  total  and  the  loss  of  light  at  that  phase  is  i  —  X,=  i  —  Z,{  = 
Z,/=o.i2i,  the  light  of  the  smaller  star.  Also  a„s=i,  but  since 
the  orbit  is  eccentric  (we  adopt  here  the  values  of  e  and  w  derived 
from  the  uniform  solution)  the  notation  of  equation  (3),  Astro- 
physical  Journal.  36,  390,  should  be  altered  for  this  occasion  to 
allow  for  the  difference  in  the  percentages  of  eclipse  at  the  two 
minima,  i.e.: 

The  rectification  of  the  intensity-curve  for  uniform  disks 
suffices  for  the  darkened  case,  but  Si=  |s„=fc  =  o.02i.  The 
darkened  curve  for  the  same  depths  near  minima  is  so  much  less 
pointed  than  the  uniform  that  it  is  now  better  to  take  the  ranges 
of  variation  smaller;  but  it  is  to  be  observed  that  the  annular 
eclipse  has  no  constant  minimum  phase  and  resembles  a  partial 
eclipse  very  closely.  For  i  — Xp  =  o.682  and  i—\^  =  o.  121,  Qik,a.op) 
=  0.777.  It  is  obvious  that  a„j  must  lie  between  unity,  which 
corresponds  to  a  grazing  annular  echpse,  and  i-\-x,  corresponding 
to  central  transit.  A  value  nearer  the  latter  limit  is  to  be  expected, 
since  the  inclination  approximates  90°  and  the  secondary'  eclipse 
near  apastron  is  total.  Assuming  the  values  1+0.4X,  i-fo.6x. 
1+0.8*,  i+x.  the  corresponding  k  was  taken  from  Table  V  and 
the  light-cur\'e  for  the  principal  minimum  computed.  The  best 
representation  was  found  for  a„^=i+o.8x,  ^  =  0.80.  The  light- 
curve  for  the  secondary  minimum  and  the  elliptical  elements  were 
computed  in  the  same  manner  as  for  the  uniform  orbit.  For 
^  =  0.80.  Table  ly  gives  Oo/,=  1.038,  which  is  the  greatest  loss  of 
light  at  primary  eclipse  in  terms  of  the  loss  of  light  at  internal 
tangency. 
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8.  The  evidence  of  the  deviations  from  the  computed  curves 
is  decidedly  in  favor  of  darkening  toward  the  limb.  The  sums  of 
the  squares  of  the  residuals  are  as  follows: 


Uniform 

Darkened 

Principal  minimum 

Secondary  minimum 

25°7 
710 

1938 
562 

The  small,  but  apparently  systematic  deviations  at  principal 
minimum  of  the  observed  curve  from  the  computed  uniform  curve 
occur  at  the  same  phases  and  are  in  the  same  direction  as  the  devia- 
tions of  the  computed  darkened  curve  from  the  uniform.  ]More- 
over,  a  mere  inspection  shows  that  no  adjustment  of  the  uniform 
curve  can  possibly  conform  so  closely  to  the  observ'ations  as  the 
darkened  solution. 

T.\BLE  9 
Elements  of  the  System  of  RT  Persei 


Maximum  radius  of  brighter  star ab 

Minimum      "        "        "  "    bb 

Maximum     "       "fainter      "    "/ 


Minimum 


Ratio  of  radii  of  tlie  stars k 

Ratio  of  the  axes  of  the  spheroidal  stars i  +  jc 

Least  apparent  distance  of  centers cos  i 

Inclination  of  orbit  plane i 

Eccentricity  of  orbit c 

LonKitudc  of  periastron w 

Maximum  loss  of  light  at  primary  minimum* a„p 

Maximum  loss  of  light  at  secondary  minimum*.  .  .a^s 
Difference  of  light  of  the  sides  of  the  fainter  star      2b 

Light  of  the  brighter  star Lb 

Light  of  the  fainter  star 

Brighter  side L/ 

Fainter  side Lf—  26 

Ratio  of  surface  brightness 

Of  the  bright  sides  of  the  two  stars y 

Of  the  sides  of  the  fainter  star 

Mean  maximum  intensity 

Near  periastron 

Near  apastron 

Density  of  the  brighter  star Pb 

Density  of  the  fainter  star pf 

(assuming  equal  masses) 


1. 16 

1 .007 
0.992 
0.43 
0.43 


Unifonned 

Darkened 

0.283 

0-333 

0.278 

0.329 

0.283 

0.266 

0.278 

0.263 

1 .000 

0.800 

1 .017 

1. 010 

0 . 0805 

0.0286 

85°23' 

88°22' 

0.04s 

0.04S 

164° 

164° 

0.823 

1.038 

0.807 

I 

0.022 

0.022 

0.839 

0.879 

0. 161 

0.I2I 

0  139 

0.099 

4.6 

1.22 

1.007 
0.992 
O.  26 
0.50 


*In  terms  of  the  loss  of  light  which  would  occur  at  the  moment  of  internal  tangency. 
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The  observ^ational  groups  are  given  in  Table  8  (p.  424),  the 
phases  being  referred  to  the  middle  points  of  the  minima. 

9.  In  Table  9  the  final  uniform  and  darkened  elliptic  elements 
and  various  related  quantities  are  given.  The  units  are  the  same 
as  those  employed  for  Z  Draconis.  The  stellar  magnitude  of  RT 
Persei  is  10.63  ^t  maximum;  the  spectral  t^pe  is  F?  The  com- 
puted parallax  is  o.oo4iM~'/~*,  indicating  that  the  distance  is  of 
the  same  order  of  magnitude  as  that  of  Z  Draconis. 

Princeton  University  Observatory 
December  15,  1913 


THE  ILLUMINATION-CURRENT  RELATIONSHIP  IN 

POTASSIUM  PHOTO-ELECTRIC  CELLS 
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Source  of  High  Potential 
High  Resistance 
Source  of  Light 

5.  Construction  and  Manner  of  Connecting  the  Photo-electric  Cells 

6.  The  Use  of  the  Quadrant  Electrometer  for  the  Measurement  of  Photo- 
electric Current 
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8.  Comparative  Results  on  Several  Cells 
g.  Suggested  Reasons  for  These  Results 

10.  Further  Experiments  to  Test  Conclusions 

11.  Discussion 

12.  Summary  and  Conclusions 

I .      HISTORICAL 

The  photo-electric  current  is  a  function  of  voltage,  of  electrode 
distance,  of  the  kind  of  gas  between  electrodes,  of  pressure,  and  of 
illumination. 

The  voltage-current  relation  and  the  clectrodc-distauce-ciirrent 
relation,  under  constant  illumination,  were  the  subject  of  study  by 
Stoletow'  and  others  some  twenty  years  ago. 

The  effects  of  pressure  variations  and  of  different  gases,  again 
under  constant  illumination,  were  studied  by  Stoletow,  Varley,  and 
other  investigators.  All  of  these  studies  revealed  a  complicated 
relationship  between  the  current  and  the  variables  in  question, 
for  which  qualitative  explanations  have  been  offercti  in  terms  of 
saturation,  ionization  by  collision,  etc. 

■  Journal  dc  physique,  ii,  9,  468,  1890. 
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One  of  the  most  important  relationships  to  be  determined, 
both  from  its  theoretical  bearing  and  from  its  practical  applica- 
tion, is  that  between  photo-electric  current  and  intensity  of 
illumination. 

Elster  and  GeiteP  concluded  from  some  early  experiments  that 
the  current  is  directly  proportional  to  the  illumination.  Lenard^ 
reached  the  same  conclusion.  In  his  results,  however,  the  fact  on 
which  greatest  emphasis  is  laid  is  that  the  final  voltage  acquired 
by  the  sensitive  surface  is  a  constant,  independent  of  the  intensity 
of  illumination,  while  the  current  or  rate  of  acquisition  of  voltage 
is  certainly  not  a  constant.  Actually  his  figures  show  a  current 
increasing  more  rapidly  than  the  illumination.  Lenard,  accepting 
the  Unear  illumination-current  relationship  as  proved,  has  recently 
used  alkali  metal  cells  for  measuring  the  decay  of  light  in  phos- 
phorescence. 

Griffith,^  working  with  a  zinc  plate,  illuminated  by  a  spark, 
made  careful  correction  for  air  absorption  and  measured  the  cur- 
rent by  a  balancing  method  in  which  the  electrometer  served 
merely  as  a  detector.  His  results  plotted  take  the  form  of  a  curve 
concave  toward  the  current  axis  (similar  to  Figs.  8-10  and  Lenard's 
values) . 

Richtmyer,"  using  a  sodium  cell,  found  a  strictly  linear  relation 
between  illumination  and  current,  over  an  enormous  range.  He 
suggested  various  laboratory  applications  of  the  cell  for  photomet- 
ric work. 

Elster  and  Geitel,*  in  a  paper  appearing  after  a  large  part  of  the 
work  here  described  was  completed,  found  the  photo-electric  cur- 
rent, in  cells  having  a  gas  atmosphere  of  a  fraction  of  a  millimeter, 
directly  proportional  to  the  illumination  over  an  even  greater 
range  than  Richtmyer  investigated.  They  have  developed  a 
special  form  of  cell,  having  a  surface  of  colloidal  metal  or  hydride, 
with  an  atmosphere  of  inert  gas  at  a  pressure  determined  by  them 
as  giving  great  sensibihty.  These  cells  are  now  obtainable  on  the 
market. 

'  Annakn  der  Physik,  48,  625,  1893.        '  Philosophical  Magazine,  14,  297,  1907. 
'  Ibid.,  8,  149,  1902.  <  Physical  Review,  29,  71,  404,  1909. 

^  Physikalische  Zeiischrijl,  14,  741,  1913. 
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2.      OBJECT   OF   PRESENT   STUDY 

It  appeared  proved  from  the  work  of  Elster  and  Geitel  and  of 
Richtmyer  (which  appeared  subsequently  to  that  of  Griffith)  that 
the  photo-electric  current  is  truly  proportional  to  intensity  of 
illumination.  The  extreme  sensibility  of  the  alkah  metals  is  well 
established.  Elster  and  Geitel,  and  later  Pohl  and  Pringsheim' 
have  shown  the  sensitiveness  of  the  metals  sodium,  potassium, 
rubidium,  and  caesium  to  extend  well  down  into  and  through  the 
visible  spectrum,  the  maximum  (of  the  "selective"  effect)  lying  at 
progressively  greater  wave-lengths  in  the  order  in  which  the  metals 
are  above  given. 

It  appeared  to  the  writer  to  be  desirable  at  this  time  to  study 
thoroughly  the  alkali  metal  cell  as  a  possible  substitute  for  the  eye  in 
photometry,  particularly  in  colored-light  photometry.  If  it  should 
be  possible  to  produce  cells  of  uniform  wave-length  sensibiHty,  to 
develop  a  colored  absorbing  screen  which  should  make  the  resultant 
spectral-sensibility  curve  that  of  an  average^eye,^  then  it  should  be 
possible  to  tie  down  to  a  purely  physical  instrument  the  character- 
istics of  that  wonderful,  but  most  troublesome,  physiological  one — ■ 
the  human  eye.  The  work  was  therefore  undertaken  as  the  logical 
continuance  of  the  writer's  study  of  heterochromatic  photometry. 

In  order  for  a  physical  photometer  to  be  available  for  any- 
thing except  as  a  detector  in  a  null  method  with  lights  of  the  same 
color,  or  for  the  measurement  of  lights  of  the  same  color  where  the 
intensity-response  relationship  has  been  determined,  the  relation- 
ship between  the  intensity  of  illumination  and  the  resultant  current 
or  reaction  must  be  a  simple  one,  the  same  for  all  colors.  The  most 
desirable  relationship,  as  well  as  the  simplest,  is  the  linear  one, 
which  has  been  credited  to  the  photo-electric  cell.  Granted  that 
this  simple  relationship  exists,  the  investigation  as  planned  was  to 
have  been  chiefly  directed  to  the  questions  of  the  method  of  con- 
struction, performance,  arrd  reproducibihty  of  the  cells,  their 
behavior  under  various  photometric  tests,  the  choice  of  alkali  metal, 
and  the  specification  of  the  proper  color  screen. 

'  Berichle  der  DetUscher  Phys.  Ges.,  12,  215,  34Q,  1910,  and  subscqucnl  palmers. 
'  Ives,  "Photometry  of  Lights  of  Different  Colors,"  Phil.  Mag.,  24,  14Q,  352,  744, 
646,  854,  1912. 
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As  will  appear,  the  work  took  a  different  direction.  The  mode 
of  construction  of  the  cells  and  the  methods  of  using  them  as  here- 
tofore described  were  not  found  satisfactory.  Finally  when  the 
first  difficulties  were  overcome  the  iUumination-current  relation  was 
not  found  to  be  linear  in  photo-electric  cells  as  heretofore  con- 
structed. 

3.       PRELIMINARY    APPARATUS    AND    RESULTS 

Five  methods  of  measuring  photo-electric  current  are  to  be 
found  in  the  literature:  (i)  by  the  rate  of  drift  of  an  electrometer 
needle;  (2)  by  the  ballistic  method,  or  the  charge  acquired  in  a 
definite  exposure  time  by  an  electrometer  connected  to  the  cell; 
(3)  by  measuring  the  potential  across  the  terminals  of  a  high  resist- 
ance in  series  with  the  cell;  (4)  by  balancing  the  photo-electric 
current  with  a  current  variable  in  a  known  manner,  using  either  an 
electrometer  or  sensitive  galvanometer  as  a  detector;  (5)  by  the 
deflection  of  a  sensitive  galvanometer. 

As  a  large  part  of  the  problem  was  anticipated  to  be  the  study 
of  the  wave-length  sensibility-curves,  the  comparatively  insensitive 
galvanometer  method  was  not  considered.  A  Dolazalek  elec- 
trometer (made  by  the  Cambridge  Scientific  Instrument  Co.)  was 
accordingly  employed  throughout  the  work.  In  order  in  starting 
to  have  the  benefit  of  all  previous  work,  a  cell  was  purchased  on 
the  market.  The  metal  was  potassium,  the  cell  had  a  quartz 
window  (which  was  not  necessary  in  this  work)  and  was  made  by 
Muller-Uri.     It  is  shown  in  the  diagram.  Fig.  6,  a. 

The  arrangement  of  cell,  electrometer,  and  Hght-source  was 
copied  closely  from  that  described  by  Richtmyer'  and  is  shown  in 
Fig.  I.  The  cdl  and  electrometer  were  placed  on  a  metal  shelf  on 
a  brick  pier  in  the  laboratory  basement;  a  galvanized-iron  cover 
fitted  over  them,  pierced  with  openings  for  a  set  of  keys^  for  con- 
necting and  disconnecting  cell,  electrometer,  and  known  e.m.f.  for 
cahbration  purposes.  Glass  windows  permitted  the  exciting  Hght 
and  that  illuminating  the  electrometer  mirror  to  enter.  In  a  sepa- 
rate iron  box,  connected  to  the  first  by  metal  tubes,  was  a  six-volt 

'  Loc.  cit. 

'  See  McClung,  Condmlion  of  Electricity  tlnough  Gases  and  Radioactivity. 
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storage  cell,  discharging  through  a  2500-ohm  resistance,  from  which 
various  voltages  might  be  taken  by  a  sliding  contact.  This  latter 
was  connected  to  the  potassium  and  served  to  neutralize  the  con- 
tact e.m.f.  which  in  the  dark  causes  a  strong  current.  More  will 
be  said  about  this  later. 

The  needle  was  charged  to  a  potential  of  100  volts  by  contact 
with  a  set  of  dry  batteries.  The  needle  was  suspended  by  a  quartz 
fiber  of  9  /i  diameter  (maker's  figure),  having  a  period  of  swing  of 
about  18  seconds,  and  a  sensibility  when  charged  as  above  of  about 
33  cm  per  volt,  as  read  by  a  telescope  placed  with  the  scale  at 
1.80  m  distance. 


Fig.  I. — Arrangement  of  apparatus  for  "rate  of  drift"  and  "ballistic"  methods  of 
reading  photo-electric  current. 


A  standard  carbon  incandescent  lamp  of  10  candle-power 
mounted  on  a  long  track  served  as  the  light-source.  Its  light  fell 
upon  a  piece  of  flashed  opal  glass  covering  the  opening  to  the  cell. 

With  the  apparatus  so  arranged,  following  the  procedure  as 
outlined  by  Richtmyer,  the  first  experiments  made  were  on  the 
response  to  various  illuminations. 

The  rate-of-drift  method  was  first  used.  Contrarj-  to  the  find- 
ings of  others,  the  needle  did  not  "move  at  a  uniform  rate,"  but 
continuously  and  rapidly  decreased  in  speed.  All  tests  of  insula- 
tion and  other  ordinarily  suspected  causes  of  trouble  were  negative. 
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Suspecting  that  a  critical  condition  might  exist,  caused  bj-  the 
period  of  the  needle  having  an  unusual  relationship  to  the  rate  of 
drift,  attention  was  next  turned  to  the  second  method  of  measure- 
ment above — the  ballistic  one.  In  this  the  cell  is  exposed  for  a 
fixed  convenient  length  of  time,  the  needle  allowed  to  come  to  rest, 
and  the  deflection  read. 
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Figs.  2  .and  3. — Illumination-current  relationships  obtained   from  ceU  a  with 
preliminary  apparatus. 


Again  an  unexpected  result  was  obtained,  namely,  that  with 
each  different  exposure-time  a  different  illumination-current  rela- 
tionship was  found.  For  short  exposure  the  plotted  curve  was 
convex  toward  the  illumination  axis.  For  long  exposure  it  was 
concave.  Fig.  2  shows  the  curve  obtained  for  30  seconds  exposure. 
Fig.  3  shows  the  curve  obtained  for  zero  exposure^n  other  words, 
the  initial  rate  of  drift,  as  extrapolated  from  the  rate  of  drifting 
over  successive  centimeter  divisions  on  the  scale.     This  latter. 
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convex  to  the  illumination  axis,  is  of  the  character  obtained  by 
Griffith. 

By  proper  choice,  then,  of  time  of  exposure,  it  appeared  pos- 
sible to  obtain  any  curve  desired,  among  others  a  straight  line. 
But  this  apparent  dependence  on  time  of  exposure  called  for  expla- 
nation. It  was  consequently  decided  to  make  a  trial  of  the  third 
or  steady  deflection  method,  in  which  the  effect  of  both  needle 
period  and  choice  of  exposure-time  are  eliminated.  This  led  to  the 
construction  of  the  apparatus  as  finally  used,  which  will  now  be 
described,  not  as  chronologically  developed,  but  under  appropriate 
headings. 

4.      FINAL   FORM   OF   APP.A.RATUS 

The  electrometer. — -After  much  trouble  with  defective  insulation 
in    damp  weather   and   difficulty   in   making   adjustments,    each 


Fig.  4. — Diagram  of  connections  for  ".steady  deflection"  method  of  measuring 
photo-electric  current. 

necessitating  the  removal  of  the  sheet-iron  cover,  it  was  decided 
to  inclose  the  electrometer  completely  in  a  dry  air-tight  box  and 
arrange  to  operate  its  adjusting  screws  from  without.  Fig.  4  shows 
diagrammatically  the  arrangement  for  the  steady  deflection  method, 
while  Fig.  4a  shows  in  section  the  electrometer  and  its  accessories 
as  practically  arranged.  The  lower  portion  of  the  inclosing  box  is 
of  heavily  shellacked  wood,  lined  with  tin  foil.  Around  the  top  is 
a  narrow  trough  containing  mercury.  Into  this  trough  sets  the 
sheet-iron  top,  which  in  turn  has  an  opening  through  which  the 
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needle  support  of  the  electrometer  projects  into  a  cut-off  glass 
bottle,  also  seated  in  a  mercury  trough.  By  this  latter  means  the 
electrometer  mirror  may  be  turned  to  bring  any  part  of  the  scale 
into  view.  The  leveling  screws  each  rest  on  a  small  brass  pillar, 
which  moves  as  a  piston  in  a  sleeve  mounted  in  the  supporting 
shelf,  stopcock  grease  making  the  piston  air-tight.  Each  piston  is 
moved  up  and  down  by  a  tapering  rod,  which  is  threaded  into  a 


Fig.  4a. — Diagrammatic  section  of  final  arrangement  of  apparatus 


fixed  nut.  Long  handles  carry  this  adjustment  over  to  the  obser- 
vation table,  two  meters  away.  Adjustment  is  made  by  charging 
and  discharging  the  needle  with  all  quadrants  earthed  and  alter- 
ing the  level  until  no  change  of  needle  zero  occurs.  When  adjust- 
ment is  apparently  complete  it  may  be  found  that  the  needle  does 
not  hang  symmetrically  with  respect  to  the  quadrants.  It  is  then 
raised  or  lowered  shghtly  until  on  adjustment  it  is  symmetrical. 
The  raising  or  lowering  need  only  be  done  on  first  setting  up. 
Slight  changes  in  level  are  found  necessary  from  time  to  time  as 
shown  by  the  disturbance  of  the  zero  on  charging.     The  adjustment 
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of  the  electrometer  is  a  delicate  matter  and  without  some  means  of 
working  from  the  position  of  observation  is  almost  prohibitively 
tedious.  When  adjustment  was  completed  the  deflections  were 
found  strictly  proportional  to  voltage  over  the  whole  range  of  the 
scale. 

The  needle  was  charged  with  the  aid  of  a  small  ionization 
chamber  containing  a  small  sample  of  polonium,  as  described  by 
Erikson.'  The  arrangement  of  cell,  screen,  etc.,  is  sufficiently  well 
shown  in  the  diagram.  A  single  key,  working  through  a  glass- 
ground  joint,  served  to  earth  the  electrometer  quadrants  attached 
to  the  cell.  Three  mercury  cups  on  sealing-wax  stands  were  con- 
nected respectively  with  the  source  of  high  potential,  the  electrome- 
ter, and  the  earthed  walls  of  the  box.  A  metal  tube  leading  down 
from  the  box  carried  the  wires  to  needle  and  cell  from  the  high- 
voltage  batteries.  Wires  soldered  to  the  electrometer  shelf,  cover, 
and  tubes,  and  to  gas  pipes  insured  complete  earth  connection. 

Two  trays  of  calcium  chloride  rested  on  top  of  the  wooden  part 
of  the  box  and,  in  addition,  a  small  tray  of  phosphorous  pentoxide 
assisted  in  keeping  the  inclosure  dry.  During  the  later  and  more 
important  part  of  the  work  the  basement  was  steam-heated, 
whereby  everything  was  made  thoroughly  dry,  even  without  the 
drying  material.  After  the  cell  and  electrometer  are  closed  up, 
they  need  not  be  touched  for  days  or  weeks,  the  best  possible 
conditions  being  thus  insured. 

Source  of  high  potential. — A  battery  of  small  dry  cells  pro\-ided 
the  high  voltage  necessary  to  work  satisfactorily  with  the  steady- 
deflection  method.  These  were  cells  of  the  kind  used  in  electric 
flash-lamps,  coming  in  cartons  of  five  each.  To  insure  perfect 
contact  they  were  taken  out  of  their  cases  and  connected  by  soldered 
wires.  They  were  then  arranged  in  rows  in  four  shellacked  wooden 
trays,  sixty  to  the  tray.  A  switchboard  on  top  of  the  tray-holder 
was  arranged  so  that  one,  two,  three,  or  four  groups  could  be  put 
in  series,  giving,  when  fresh,  90,  180,  270,  or  360  volts.  By"  direct 
wire  connection  from  the  cells  intermediate  voltages  were  available 
when  desired.  Each  tray  was  connected  by  fine  fuse  wires,  and  a 
fixed  resistance  of  2000  ohms  was  kept  in  scries  with  the  photo- 

'  Physical  Review,  36,  253,  191J. 
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electric  cells  for  their  protection.  A  key,  worked  by  a  cord,  over 
a  pulley,  eiifected  the  charging  and  discharging  of  the  electrometer 
needle  from  65  of  the  dry  cells  (100  volts).  The  entire  battery 
system  was  inclosed  in  a  galvanized-iron  box. 

High  resistance. — -Much  time  was  spent  in  the  search  for  a  satis- 
factory high  resistance.  Alcohol  in  a  capillary  tube,"  xylol  and 
alcohol,''  mannite  solution  with  non-polarizable  electrodes,^  various 
forms  of  carbon  resistances,''  besides  selenium,  Welsbach  mantle 
oxides,  etc.,  were  investigated.  Alcohol  and  xylol-alcohol  were 
found  to  become  polarized  and  were,  therefore,  abandoned.  Man- 
nite solution  in  a  long  thermometer  capillary  proved  free  from 
polarization,  but  had  to  be  made  of  very  low  concentration  to 
secure  high  enough  resistance  in  the  length  of  the  tube  which  it  was 
feasible  to  use  (perhaps  owing  to  the  conductivity  of  the  water 
used  as  solvent).  Its  chief  defect,  however,  was  the  difficulty  of 
preventing  evaporation  and  leakage  in  spite  of  the  plentiful  use  of 
paraffin  over  all  cocks  and  joints.  The  most  satisfactory  resist- 
ance was  a  modification  of  a  carbon  one  described  by  Stewart.^ 
A  piece  of  dull-surfaced  hard  rubber  had  two  machine  screws 
tapped  into  it.  Each  machine  screw  carried  a  nut  which  could  be 
screwed  tightly  down  against  the  rubber.  Lamp  black  was  mLxed 
in  a  commercial  lacquer  and  painted  around  the  electrodes,  forming 
an  adherent  conducting  coat.  The  two  spots  of  lamp  black  were 
then  joined  by  a  fine  lead-pencil  line.  In  this  way  the  chief  diffi- 
culty with  carbon  resistance — erratic  contact — ^was  overcome. 
The  resistance  used  in  obtaining  the  curves  here  shown  had  a  value 
of  150  megohms.  With  the  electrometer  sensibility  used,  one 
centimeter  deflection  thus  corresponded  to  0.2X10"'  amperes. 

Source  of  light. — Electric  incandescent  lamps  were  used  uni- 
formly, of  various  candle-powers,  their  light  usually  falling  upon  a 
piece  of  flashed  opal  glass  5  cm  from  the  cell  surface.  Occasionally 
when  an  insensitive  cell  was  experimented  with,  the  opal  glass  was 

■  Nichols  and  Merritt,  Physical  Review,  34,  475,  191 2. 

'  Campbell,  Philosophical  Magazine,  22,  301,  191 1;   24,  668,  1912. 

J  Pohl  and  Pringsheim,  Berichle  d.  Deutsch.  Phys.  Gcs.,  6,  174,  1913. 

'  Aust,  Physical  Review,  32,  256,  among  others,  igii. 

5  Physical  Review,  26,  302,  1908. 
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removed,  allowing  the  light  to  fall  directly  on  the  sensitive  surface. 
The  highest  illumination  used  (Figs.  8-15)  was  about  500  meter- 
candles  on  the  opal  glass,  and  the  glass  had  an  effective  absorption 
of  at  least  90  per  cent  as  used. 

The  electric  lamps  were  controlled  from  storage  batteries  in  the 
usual  way  and  were  mounted  upon  regular  photometer  carriages 
and  tracks  carrying  screens  to  exclude  all  stray  light.  Exposure  of 
the  cell  to  the  light  was  made  by  a  shutter  moved  from  the  observ- 
ing table. 

5.      CONSTRUCTION   AND   MANNER   OF   CONNECTING   THE 
PHOTO-ELECTRIC   CELLS 

The  cell  first  used  was,  as  above  stated,  a  purchased  one,  and 
is  shown  in  section  in  Fig.  6,  a.  In  order  to  make  clear  why  this 
cell  was  not  entirely  satisfactory  and  why  radical  changes  in  con- 
struction were  introduced,  the  manner  of  connecting  up  the  appara- 
tus will  now  be  given.  Fig.  4  shows  diagrammatically  the  essential 
parts.  The  alkah  metal  electrode  A"  is  connected  to  one  pair  of 
quadrants  of  the  electrometer  and  to  earth  through  the  high 
resistance.  The  other  electrode  P  is  connected  to  the  positive 
terminal  of  the  batteries. 

Insulating  and  guard  rings. — ^Two  spurious  currents,  present  in 
the  dark,  are  found  in  the  photo-electric  cell  as  heretofore  con- 
structed. The  first  of  these  is  opposite  in  direction  to  the  current 
produced  by  light,  and  is  ascribable  to  the  contact  difTerence  of 
potential  between  the  potassium  and  the  other  (platinum)  elec- 
trode P.  The  second  is  what  has  been  called  a  "dark  current,"  in 
the  same  direction  as  the  light  current.  These  two  currents  may 
be  so  large  as  to  be  ver\'  troublesome,  especially  as  they  arc  likely 
to  be  variable  in  amount.  No  satisfactory  results  can  be  secured 
unless  they  are  reduced  to  neghgible  values. 

A  series  of  experiments  was  carried  out  to  learn  the  cause  and 
method  of  obviating  these  currents.  A  recent  paper  by  Elster  and 
Geitel,  appearing  since  the  final  form  of  cell  here  adopted  was 
under  trial,  contains  all  the  essential  points  about  these  effects,  so 
that  it  suffices  here  to  say  that  the  "dark  current"  is  the  result  of 
conduction  over  the  surface  of  the  glass,  due  eilluT  to  the  glass 
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itself,  to  occluded  water  vapor,  or  to  a  thin  film  of  carbon,  deposited 
from  the  hydrocarbon  with  which  the  alkali  metal  is  usually  covered 
before  use.  It,  in  common  with  the  contact  e.m.f.  current,  can  be 
greatly  reduced  by  using  glass  of  good  insulating  quality,  or  by 
separating  the  two  electrodes  as  far  as  practicable.  A  still  more 
complete  protection  is  afforded  by  the  use  of  internal  and  external 
guard  rings  put  on  by  chemical  silvering  and  connected  to  earth. 
The  cell  shown  in  Fig.  4  represents  the  best  form.  At  G  are  the 
internal  and  external  guard  rings,  C  represents  an  insert  of  cobalt 
glass  tubing,  which  has  a  very  high  resistance  compared  with  the 
ordinary  clear  soda-lime  glass.     The  whole  cell  is  mounted  on  a 


Fig.  5. — Arrangement  for  filling  and  exhausting  cells 


glass  plate  bj-  a  sealing-wax  support  at  G,  as  shown  in  the  sketches 
of  Fig.  6.  The  insulating  and  guarding  of  the  electrometer  from  P 
and  from  earth  connection  other  than  R  and  G  is,  therefore,  excel- 
lent, as  was  shown  by  the  fact  that  a  cell  similar  to  C,  but  made  of 
ordinary  clear  white  glass,  gave  with  a  certain  high  resistance  and 
voltage  a  current  due  to  contact  e.m.f.  represented  by  7  cm  deflec- 
tion, whereas  with  the  cobalt  glass  inserted,  as  in  C,  this  was  reduced 
to  less  than  a  millimeter.  The  guard  ring  and  cobalt  glass  together 
entirely  eliminate  the  "dark  current." 

Details  of  filling. — The  process  of  making  and  filling  the  cells 
was  not  found  to  be  entirely  easy,  despite  the  published  descriptions 
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of  the  process.  The  pourmg  of  Hquid  potassium  through  con- 
stricted tubing  is  very  different  from  pouring  mercury,  although 
the  two  liquid  metals  look  so  much  alike.  Potassium  has  a  verj- 
great  surface  tension,  combined  with  a  pronounced  tendency  to 
stick  to  the  glass.  As  a  consequence  it  is  likely  to  pile  up  in  front 
of  a  constriction  or,  on  going  through,  to  leave  a  thread  of  metal 
wliich  can  be  removed  only  by  heating  to  the  distillation  point,  a 


r 


^ 


Vk,.  (). — Ty]K-s  of  cells  used  in  the  investigation 


process  dangerous  to  the  glass.  Another  diflicult\-  is  that  of  main- 
taining the  surface  clean,  for,  in  spite  of  the  most  elaborate  clean- 
ing, first  with  hot  chromic  acid  and  later  with  nitric  acid,  caustic 
potash,  and  distilled  water  as  a  preliminary  to  the  silvering  opera- 
tion, the  glass  surface  gives  up  impurities  which  collect  and  float 
on  the  molten  metal.  As  a  result  of  a  great  deal  of  experiment  it 
was  found  that  a  large  body  of  potassium  could  be  obtained  clean 
if  it  was  practically  shot  to  place  through  the  filtering  constrictions 
and  then  allowed  to  cool  at  once.  Any  flowing  about  caused  the 
collection  of  a  film  of  scum.     In  Fig.  5  is  shown  the  essential  part 
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of  the  apparatus  for  filling  cells.  The  long  tube  has  at  one  end  a 
ground  stopper  through  which  is  introduced  a  piece  of  potassium 
which  has  been  scraped  clean  under  benzol  or  has  previously  been 
distilled  into  a  short  glass  tube.  The  Gaede  mercury  pump  is  then 
operated,  the  cell  being  inclosed  in  an  electric  oven  raised  to  200°  C. 
Exhaustion  is  continued  for  about  an  hour  to  allow  all  the  gases  to 
escape  from  the  cell.  Then  a  small  flame  is  played  under  the  metal 
and  glass  tube.  The  potassium  presently  melts,  breaks  through  its 
coating  of  oxide,  and,  because  of  the  steep  slope  of  the  tube,  rushes 
through  the  two  constrictions  and  into  C  If  necessary,  the  residue 
in  the  lower  constriction  is  driven  away  by  heating.  After  cooling 
and  then  renewed  pumping  the  cell  is  sealed  off.  When  desired, 
a  small  amount  of  hydrogen  is  introduced  by  heating  palladium 
foil  in  the  side  tube.  Pressures  are  read  by  a  Gaede  short  McLeod 
gauge. 

Far  easier  and  more  satisfactory  is  the  method  of  filling  by  dis- 
tillation. In  this  case  the  unfilled  cell  is  silvered  on  the  lower  half 
of  the  bulb  containing  the  electrode.  The  filling  tube  is  inchned 
at  a  much  less  steep  angle.  A  much  smaller  piece  of  potassium  is 
needed.  A  flame  is  played  carefully  on  the  potassium  until  it 
vaporizes  and  the  condensing  film  is  driven  over  and  down  on  to  the 
silver.  In  order  to  obtain  deposits  of  uniform  character,  the  expe- 
dient was  adopted  of  seating  the  bulb  in  a  cup  of  mercury  cooled 
by  a  jacket  of  carbon  dioxide  snow.  By  slow  distillation  a  per- 
fectly matt  fine-grained  layer  is  obtained.  If  done  very  slowly  on 
to  a  highly  chilled  surface,  colored  colloidal  films  may  be  made. 

Descriplion  of  various  cells  used. — By  the  time  the  serious  work 
on  the  illumination-current  relation  was  begun,  quite  a  stock  of 
experimental  cells  was  on  hand,  representing  various  stages  of 
design.  A  number  of  the  later  ones  were  pressed  into  service,  and 
as  their  individual  characteristics  probably  affect  the  results  ob- 
tained with  them,  a  brief  description  is  here  given  of  all  the  cells 
for  which  performance-curves  are  shown  below.  Pressures  where 
mentioned  are  those  of  the  pump  system  when  the  cell  was  sealed 
off.  The  gases  given  oft"  by  the  molten  constriction  probably  made 
the  actual  pressures  greater.  The  cells  are  shown  diagrammatically 
in  Fig.  6. 
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a)  Cell  purchased  from  Miiller-Uri.  Solid  mass  of  potassium ; 
electrode  distance  lomm;  originally  possessed  no  guard  rings,  but 
later  given  an  external  ring  of  silvering  to  be  connected  to  earth; 
pressure  unknown. 

b)  Short  double  bulb  cell,  furnished  with  inside  and  outside 
guard  rings;  potassium  distilled  on  silver;  shortest  distance  elec- 
trode to  potassium  lomm;   sealing-off  pressure  about  0.03  mm. 

c)  Cell  with  cobalt  glass  insert,  but  no  guard  ring;  potassium 
distilled;  shortest  electrode  distance  12  mm;  pressure  not  recorded. 

d)  Cobalt  glass  insert;  guard  rings;  distilled  metal;  electrode 
distance  14  mm;  pressure  imrecorded. 

e)  Cobalt  insert;  guard  rings;  distilled  metal;  ring  electrode 
close  to  metal,  distance  8  mm;  pressure  0.002  mm. 

/)  Cobalt  glass  insert;  guard  rings;  distilled  metal,  transformed 
to  hydride  by  glow  discharge;  electrode  distance  15  mm;  pressure 
0.3  mm. 

g)  Cobalt  glass  insert;  guard  rings;  solid  mass  metal;  electrode 
distance  made  variable;  pressure  0.005  ™™- 

h)  Cobalt  insert;  guard  rings;  solid  mass  of  potassium;  elec- 
trode distance  variable;  side  tube  with  stop-cock  for  attachment 
to  pump  to  permit  variation  of  pressure. 

Tubes  g  and  h  will  be  described  more  fully  imder  section  9. 

Tubes  j  and  k  were  kindly  loaned  the  writer  by  Mr.  Saul 
Dushman,  of  the  General  Electric  Co.  Research  Laboratory,  near 
the  conclusion  of  the  work,  j  is  a  cell  purchased  abroad  recently; 
it  has  a  colored  hydride  surface,  is  furnished  with  exterior  tin  foil 
guard  rings,  and  is  presumably  one  of  the  recent  argon-hlled  type. 
)fe  is  a  cell  prepared  by  Mr.  Dushman,  similar  in  appearance  to  a, 
but  several  times  larger  and  without  the  quartz  window.  It  was 
exhausted  to  the  best  vacuum  attainable  with  a  Toepler  pump. 

6.      THE  USE  OF  THE  QUADRANT  ELECTROMETER  FOR  THE  MEASURE- 
MENT  OF   PHOTO-ELECTRIC   CURRENT 

It  is  unfortunate  that  students  of  the  photo-electric  effect  have 
usually  been  interested  either  exclusively  in  determining  currents 
or  exclusively  in  determining  the  potential  acquired  by  the  sensi- 
tive surface.     Had  they  been  studying  both,  there  would  probably 
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be  fewer  unqualified  users  of  the  rate  of  drift  method  of  measuring 
current,  working  on  the  assumption  that  the  electrometer  needle 
moves  at  a  uniform  rate  indefinitely.  As  will  be  shown  below,  this 
is  true  only  to  a  degree  of  approximation  conditioned  by  the  sensi- 
bility of  the  instruments,  the  effective  voltage,  and  the  character 
of  the  current.  This  would  seem  to  be  obvious,  but  the  writer 
has  not  seen  a  satisfactory  discussion  of  the  matter  in  any  text  or 
article. 

The  most  important  fact  to  keep  in  mind  when  using  the  elec- 
trometer to  measure  current  is  that  the  instrument  forms  part  of 
the  electrical  system  and  as  such  may  exert  on  the  phenomenon 
under  study  an  effect  far  from  negligible.  It  is  imperative  that 
the  possible  disturbances  due  to  the  instrument  be  thoroughly 
understood  before  conclusions  are  drawn  from  its  indications. 

The  most  general  case  to  consider  is  the  steady  deflection 
method,  for  it  goes  over  into  the  rate  of  drift  when  the  leak  becomes 
zero. 

Consider,  first,  the  measurement  of  a  current  which  is  obeying 
Ohm's  law — -current  proportional  to  difference  of  potential. 
Let  V  =  the  voltage  applied  to  the  whole  system. 
V    =  potential  of  the  electrometer  at  any  time,  t. 
R  =the  resistance,  such  as  a  photo-electric  cell,  through  which 

passes  the  current  to  be  measured, 
r    =  resistance  of  the  high- resistance  leak. 

Then,  the  quantities  being  represented  in  such  units  that  the 
constants  of  proportionality  are  all  unity,  we  have  for  the  rate  of 
charging  of  the  electrometer: 

dv     V—v    V  ,  , 


;-<i+5>*.-(^:> 


Integrating, 

V 
R 

when 

/  =  o  ,     I'  =  o  , 
whence 
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and 

When  /  becomes  co  ;   i.e.,  steady  deflection, 

Writing  this  ^  =  ("nTr)'''  it  i^  seen  that  the  deflection  d  is  pro- 

V 
portional  to  the  current   „        through  the  whole  system,  and  it 

follows  that  if  r  is  made  small  with  respect  to  R,  v  will  represent 

V  . 

the  current  „  to  any  desired  degree  of  approximation.     The  factor 

of  uncertainty  is  then  the  effect  of  the  high-resistance  leak.  If  it 
is  large,  then  any  change  in  R  (such  as  exposure  to  light  with  a 
photo-electric  cell)  is  not  represented  by  a  proportional  change  in  v. 
A  measure  of  the  relative  size  of  r  and  R  is  afl'orded  by  the  size 
of  the  deflection.     Let  equation  (3)  be  rewritten: 


V    R+r' 

Now  -=ri —  differs  from  „  by  an  amount  immediately  calculable 
R-\-r  R    - 

Y 

for  various  values  of  ^-     Let  us  choose  arbitrarily  the  pennissible 
/v 


deviation  as  determined  by  the  experimental  accuracy  attainable 

r 
R+r 

r     R     -\R) 


and  call  this  ^( >,)•     Find  that  value  of  ^-^     for  which 


R+r 
This  value  is  at  once  the  value  of  ..;    in  other  words,  the  ratio  of 

the  electrometer  voltage  to  the  total  applied  voltage  may  be  used 
as  the  criterion  of  the  influence  of  the  high-resistance  leak.  Taking, 
for  instance,  i  per  cent  as  the  permissible  error,  we  have 


R+r 


=  o.99(;) 
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from  which 


Consequently,  if  the  current  obeys  Ohm's  law,  the  largest  safe 
deflection  is  that  corresponding  to  i  per  cent  of  the  apphed  voltage. 

If,  now,  the  current,  instead  of  obeying  Ohm's  law,  is  a  saturated 
one,  it  is  easy  to  see  that  the  criterion  for  safety  is  that  the  appUed 
voltage  shall  be  sufficiently  above  the  saturation  voltage,  so  that 
the  voltage  difference  between  tfie  electrometer  and  the  source  of 
high  potential  remains  a  saturation  voltage  for  all  voltages  acquired 
by  the  electrometer.  The  difference  possible  between  working  with 
an  ohmic  current  and  a  saturation  current  is  illustrated  in  the 
hj^jothetical  case  where  100  volts  are  applied.  If  the  current  obeys 
Ohm's  law  one  volt  deflection  is  the  permissible  limit.  If  the 
saturation  voltage  is  below  100,  say  80,  then  the  electrometer  may 
charge  up  to  20  volts  without  the  current  being  misread,  i.e.,  the 
high-resistance  leak  may  be  of  20  times  larger  value  and  the  sensi- 
bility consequently  20  times  higher. 

Where  the  current  is  not  clearly  of  either  of  the  foregoing 
characteristic  types,  it  is  perhaps  best  to  make  an  experimental 
determination  of  the  effect  of  the  high  resistance.  In  the  present 
work  two  resistances  of  relative  strength  about  i  to  5  were  kept  on 
hand,  and  in  doubtful  cases  the  ratio  of  large  and  small  illumination- 
currents  was  taken  with  both  resistances.  Thus  in  one  case  where 
an  error  of  this  sort  would  have  vitally  affected  conclusions,  two 
illuminations  gave  deflections  in  the  ratio  of  3. 127  with  the  higher 
resistance,  and  3. 129  with  the  lower,  showing  the  value  of  r  to  be 
negligibly  small. 

Turning,  now,  to  the  rate  of  drift  and  ballistic  methods,  we 
obtain  the  limiting  conditions  by  making  r=  00  in  equations  (i) 
and  (2): 

dv     V—v  ,  X 

jr-R-  (^> 


^(i-e   ^) 


(S) 
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It  is  evident  from  equation  (4)  that  the  rate  of  drift  of  the 

V 

electrometer  needle  will  be  proportional  to  -=  only  if  v  is  negligibly 

small  compared  to  V .  The  limiting  deflection  may  be  obtained  by 
solving  (5)  for  v  for  different  values  of  -^,  and  determining  when 

V—v    .  V  (V\  ... 

„     differs  from  p  by  A(  „ )  in  a  similar  manner  to  the  case  just 

considered.  Expressing  this  in  terms  of  .^  gives  the  limiting 
deflection  for  a  given  assumed  allowable  error.  For  the  balhstic 
method  the  procedure  is  exactly  similar,  the  value  of  p.  being  deter- 
mined for  which  \i  —  e~^)  differs  from  -5  by  the  permissible  amount. 

K 

Allowing  I  per  cent  as  above,  this  calculation  gives  ^^=0.02  as 

the  limiting  deflection. 

In  case.of  saturation,  it  is  again  obvious  that  the  voltage  applied 
to  the  system  should  be  large  enough  so  that  the  difference  between 
the  electrometer  voltage  and  the  applied  voltage  is  still  a  saturation 
voltage. 

It  is  evident  from  this  discussion  that  the  common  manner  of 
use  of  the  electrometer  for  current  measurement  is  valid  only  if  the 
relation  of  sensibiHty  to  apphed  voltage  is  such  that  the  largest 
charge  acquired  by  the  electrometer  leaves  practically  unaffected 
the  effective  voltage  over  the  cell  or  other  device.  Neglect  of  this 
precaution  leads  to  erroneous  results,  as  is  pointed  out  in  the  ne.xt 
section. 

One  point  worth  noting  in  passing  is  that  with  a  straight  ohmic 
resistance,  it  follows  from  equation  (5)  that  relative  current  meas- 
urements can  be  made,  notwithstanding  the  non-linear  t>'pe  of  the 
curve  connecting  voltage  and  resistance  change  (current).  This  is 
done  by  determining  the  relative  limes  necessary  to  attain  the  same 
deflection;   which  follows  because  v  is  the  same  function  of  /  and 

of   -5.     Let   this  be  clearlv   distinguished   from   determining   the 

deflection  attained  in  a  given  time,  which  is  represented  by  equa- 
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tion  (5).     Both  these  measures  of  current  are  found  used  indis- 
criminately by  investigators  of  the  photo-electric  efifect. 


7.      APPLICATION   OF   ELECTROMETER    DISCUSSION    TO    PRELIMINARY 
RESULTS 

The  apphcation  of  the  preceding  discussion  makes  possible  an 

explanation  of  the  results  obtained  with  the  preliminary  apparatus. 

In  Fig.  2  the  largest  deflection  is  19  cm.     The  sensibiHty  was 

cm 
about  23  — rr.     Now  the  potential  acquired  by  a  potassium  surface 

under  the  light  of  the  visible  spectrum  is  not  much  more  than  one 


^- 
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time  = 
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nt 

■- 
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Fig.  7 

volt.  Substituting  the  value  of  i  for  V  in  equation  (5),  it  is  evi- 
dent that  \%  volts  is  very  far  from  the  0.02  volts  determined  on  as 
the  limiting  condition.  The  curve  shown  is,  therefore,  exactly  of  the 
type  one  should  expect  from  an  approximately  hnear  illumination- 
current  relationship. 

Further  points  of  interest  also  follow.  On  the  supposition  of 
the  cell  behaving  as  an  ohmic  resistance,  it  follows  that  if  the  cur- 
rent -5  is  proportional  to  the  illumination,  then  the  same  deflection 

should  be  obtained  for  the  same  values  of  the  product  intensity  X 
time.  This  assumption  has  been  made  in  using  the  balUstic 
method,  in  order  to  keep  the  deflection  on  the  scale.     Fig.  7  shows 
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the  values  of  the  deflections  obtained  for  constant  intensity  X  time. 
The  deflections  are  not  constant,  which  would  lead  to  the  suspicion 
that  the  photo-electric  current  is  not  proportional  to  the  intensity. 
The  deviation  might,  perhaps,  be  due  to  a  slight  leak,  for  by  equa- 
tion (2)  it  is  (pH — j  and  not  „  that  is  interchangeable  with  /.     By 

the  use  of  the  steady-deflection  method  an}-  slight  leak  merely  adds 
to  the  purposely  introduced  leak  and  hence  this  alternative  expla- 
nation may  be  tested  out  by  recourse  to  that  method. 

Now,  as  to  the  curve  shown  in  Fig.  3,  given  by  the  initial  rate 
of  drift.  This  and  all  the  other  results  on  this  cell  are  consistently 
explainable  on  the  ground  that  (i)  the  true  illumination-current 
relationship  is  of  the  character  shown  in  Fig.  3;  (2)  the  effective 
voltage  in  the  cell  is  altogether  too  low  to  warrant  the  use  of  the 
ballistic  method  with  the  electrometer-sensibility  employed. 

Assuming  the  current  proportional  to  the  voltage,  as  it  probably 
is  to  a  first  approximation,  we  may  substitute  in  equation  (5)  above, 
choosing  suitable  constants,  the  current  values  as  given  by  the 

initial  rate  of  drift  (Fig.  3).     The  equation  -=(i— e"'^^),  where 

<i  =  deflection  in  centimeters  and  /  =  current  values  from  Fig.  3, 
yields  the  points  marked  in  Fig.  2  by  circles.  It  is  evident  from 
the  perfect  coincidence  that  there  is  nothing  thus  far  to  contradict 
the  belief  that  the  curve  convex  to  the  illumination  axis  (as  found 
by  Griffith)  represents  the  true  illumination-current  relationship 
in  this  cell. 

Further  support  for  this  is  fountl  in  the  next  section. 

8.       COMPARATIVE    RESULTS    OX    SEVERAL    CELLS 

With  the  apparatus  as  described  under  section  4,  a  large  number 
of  miscellaneous  illumination-current  curves  were  taken  for  all  the 
cells  above  described.  These  were  made  with  dift'crcnt  applied 
voltages.  At  first  the  aim  was  to  use  one  voltage  throughout,  and 
one  was  selected  which  would  not  cause  a  dark  discharge  in  any  of 
the  cells.  Afterward  it  became  evident  that  the  phenomenon  under 
study  was  a  function  of  voltage,  so  some  extra  curves  were  made 
at   different   voltages.     The  results  are  exhibited  in  Figs.  8-15. 
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Before  discussing  them  as  a  group  it  is  perhaps  best  to  complete 
the  discussion  of  cell  a. 

At  various  times  during  the  experiments  on  high  resistances, 
curves  similar  to  Fig.  3  were  obtained  from  this  cell.  As  long, 
however,  as  polarization  and  other  troubles  were  not  entirely  elimi- 
nated these  results  could  not  be  accepted  as  conclusive.  Fig.  8 
shows  the  illumination-current  curve  obtained  under  conditions 
believed  to  be  subject  to  no  reservation  or  correction.     It  is,  like 

Fig- 8  Fig.  9  p.,,,„  p„   ,, 
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Figs.  8,  9,  10,  12,  11,  15,  14,  13. — Characteristics  of  eight  photo-electric  cells 

Full  lines:    Illumination-current  relationship 

Broken  lines:    Voltage-current  relationship 

lUuniination  unit,  roughly  10  meter-candles,  i  cm  deflection  =  o.  2X10-' amperes 


Fig.  3,   the  curve  given  by  Griffith,  and  Lenard's  values  when 
plotted,  convex  toward  the  illumination  axis. 

Had  no  other  cell  been  at  hand  the  conclusion  could  well  have 
been  drawn  that  this  is  the  true  relationship  between  photo- 
electric current  and  illumination.  The  opportunity  afforded  by 
the  possession  of  several  cells,  however,  made  it  possible  to  demon- 
strate that  the  phenomenon  is  much  more  complicated.  Each  of 
the  several  cells,  as  is  evident  from  Figs.  8-15,  shows  a  different 
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illumination-current  relationship.  Curves  both  concave  and  con- 
vex, of  most  extreme  t\-pe,  as  well  as  some  with  double  curvature, 
appear.  It  appears,  too,  that  the  relationship  is,  to  a  varying 
degree,  in  dilYerent  cells,  a  function  of  the  applied  voltage. 

In  no  case  is  this  relationship  linear.  If  only  a  comparatively 
short  range  of  illiunination  be  used,  few  points  taken,  and  a  certain 
voltage  range  not  overstepped  (see,  for  instance,  c,  7 . 3  volts),  curv-es 
may  be  obtained  which  appear  to  be  straight  lines.  WTien  com- 
pared with  other  curves  of  the  same  family,  that  is,  obtained  with 
higher  and  lower  voltages,  the  points  which  deviate  by  amounts 
apparently  within  the  errors  of  measurement  are  actually  found  to 
be  true  indications  of  curvature.  Furthermore,  with  the  cells_/  and 
k,  in  which  the  nearest  apparent  approach  to  linearity  was  found 
on  first  measurement,  the  observations  were  repeated  many  times, 
running  up  and  down  the  curves,  proving  the  curvatures  to  be  real 
and  of  significance.  The  four  curv-es  of  cellj  are  obviously  develop- 
ments of  each  other.  Cells  such  as  7  and  k  might  easily  be  hastily 
assumed  to  show  the  heretofore  believed  linear  relationship.  Only 
the  refinement  of  measurement  called  for  by  the  requirements  of 
photometric  application  would  make  clear  with  these  particular 
cells  that  this  is  not  so.  Fortunately,  the  extreme  differences 
among  all  the  cells  leave  no  doubt  of  the  exceptional  and  accidental 
character  of  the  linear  relationship  when  found. 

9,      SUGGESTED   REASONS   FOR   THESE   RESULTS 

A  study  of  the  illumination-current  relationship  exhibited  in 
Figs.  8-15  shows  that  in  any  one  cell  the  relationship  is  a  function 
of  the  applied  voltage,  although  to  a  varymg  degree  in  different 
cells.  Thus  the  variation  in  character  of  curve  in  cell  c,  in  going 
from  2  to  348  volts,  is  much  greater  than  in  cell  k.  It  is  evident 
that  different  voltages  correspond  in  different  cells  to  different 
characteristic  curves.  Thus  cells  b,  J,  and  c  show  the  same  t\pe  of 
curves  at  voltages  348,  261,  and  about  100.  Nor  does  it  appear 
possible  in  any  one  cell  to  obtain  all  types  of  curves  by  mere  voltage 
change.  For  instance,  the  two  extremes  exhibited  in  cell  a  (con- 
cave upward)  and  cell  e  (concave  downward)  are  not  attained  in 
cell  c  at  the  extreme  voltages  used,  other  phenomena  entering  to 
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interfere  at  the  high  voltage  and  lack  of  sensibihty  preventing  a 
study  of  lower  voltage  effects. 

Differences  of  pressure,  of  gas,  of  electrode  distance,  of  surface, 
exist  among  the  cells,  and  it  is  to  these  that  we  must  look  for  expla- 
nation of  the  phenomena.  These  differences  have  been  recorded  in 
the  description  of  the  cells.  Additional  evidence  as  to  the  different 
electrical  conditions  holding  in  the  cells  is  afforded  by  the  voltage- 
current  curves  (made  subsequently  to  the  illumination-current 
curves)  for  a  chosen  medium  illumination.  These  show  differ- 
ences, ascribable  to  different  pressures  and  electrode  distances, 
which  are  as  extreme  as  those  between  the  illumination-curves, 
which  they  resemble  in  some  ways. 

A  study  of  previous  work  on  the  photo-electric  effect'  shows  that 
curves  possessing  nearly  all  the  characteristics  of  Figs.  8-15  have 
been  obtained  where  the  variables  were  voltage,  electrode  distance, 
and  pressure,  illumination  being  maintained  constant.  J.  J. 
Thompson^  develops  two  equations,  the  first  dealing  with  the  con- 
ditions well  below  the  voltage,  pressure,  and  electrode  distance  at 
which  discharge  occurs  in  the  dark  and  the  second  with  the  con- 
ditions near  the  point  of  discharge.  From  the  first  of  these  equa- 
tions it  follows  that  for  low  voltages  the  current  should  obey  Ohm's 
law,  for  higher  voltage  saturation  would  set  in.  From  the  second 
of  these  equations  it  follows  that  the  current  should  increase,  owing 
to  ionization  by  collision,  according  to  a  power  of  e  determined  by 
electrode  distance,  etc.  These  equations  were  found  represented 
in  a  general  way  by  replotting  the  data  of  cell  c,  Fig.  10,  in  terms  of 
voltage  and  current  for  fixed  illumination.  Fig.  16.  It  will  be  seen 
that  curves  showing  various  stages  of  the  two  equations  are  repre- 
sented. It  must  be  clearly  understood,  however,  that  the  differ- 
ence between  any  two  curves  in  this  figure  is  not  produced  by 
change  of  pressure,  electrode  distance,  or  gas,  but  by  changing  that 
factor  which  figures  as  a  constant  in  Thompson's  equations — • 
illumination. 

As  the  most  inclusive  summary  of  these  results  it  may  be  said 
that  the  reasoning  and  equations  just  quoted  are  applicable  to;-the 

'  See  J.  J.  Thompson,  Conduction  of  Electricity  through  Gases. 
'  Ibid. 
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present  case  if  variation  of  illumination  and  variation  of  voltage 
are  considered  as  similar  in  influence.  But  certain  peculiarities  of 
these  illumination-curves  are  not  to  be  overlooked.  The  voltage- 
current  curves  of  cell  c  show  at  the  lowest  illumination  apparent 
complete  saturation;  at  shghtly  higher  illuminations  approach  to 
saturation  and  subsequent  increase  ascribed  to  ionization  by  col- 
lision.    But  at  higher  illuminations  the  increased  current  again 
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approaches  saturation,  making  a  saturation-curve  with  a  depres- 
sion. At  still  higher  illuminations  this  depression  disappears  and 
a  simple  characteristic  curve  is  obtained,  apparently  approaching 
saturation  uniformly.  This  steplike  character  of  the  voltage- 
current  curve  occurs  in  a  number  of  cells,  as  shown  t)y  broken  lines 
in  Figs.  8-15.  These  data  are  of  interest  in  connection  with  the 
characteristic  curves  for  the  inert  gases,  recently  published  by 
Franck  and  Hertz,"  which  show  a  series  of  steps. 

The  most  striking  feature  of  the  illumination-current  curve  c  is 

•  Bcrichle  dcr  Deulsch.  Phys.  Gescl.,  20,  929,  1913. 
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the  series  of  steps  shown  at  higher  voltages.  These  steps,  caused 
by  varying  illumination,  are  similar  to  the  voltage-current  curve 
steps  just  referred  to,  and  are  additional  evidence  that  illumination 
variation  must  in  these  cells  be  considered  as  of  similar  eflect  to 
voltage  variation.  The  data  of  cell 7  (argon-filled)  indicate  similar 
stepped  curves,  due  to  illumination  variation.  A  peculiarity  of 
curve  c  is  indicated  by  the  broken-hne  continuations  of  the  first 
approach  to  saturation.  In  each  case  the  point  of  illumination  0.8 
was  the  second  point  of  rest  of  the  electrometer  needle,  attained 
after  the  needle  had  nearly  come  to  rest  at  a  lower  value.  Under- 
cooling-curves are  at  once  suggested. 

The  next  step  in  the  study  appeared  to  be  the  intentional  varia- 
tion of  electrode  distance  and  pressure,  the  factors  not  variable  in 
the  completed  cell. 

10.      FURTHER   EXPERIMENTS   TO   TEST   CONCLUSIONS 

Cell  with  variable  electrode  distance. — The  easiest  factor  to  vary 
and,  as  it  was  thought  (noting  the  results  of  Stoletow),  the  most 
likely  to  show  in  the  results,  was  electrode  distance.  A  special  cell 
was,  therefore,  constructed,  shown  in  Fig.  6  (g).  The  platinum 
electrode  was  attached  to  an  iron  rod  which  slid  in  a  glass  tube  and 
was  connected  by  a  fine  coil  of  copper  wire  to  a  platinum  wire  sealed 
in  the  glass  and  going  to  the  batteries.  The  cell  was  first  filled  in 
a  horizontal  position  and  sealed  off  at  the  best  vacuum  obtainable 
with  the  Gaede  mercury  pump,  the  iron  rod  was  then  held  in  posi- 
tion by  a  solenoid,  the  cell  turned  to  the  upright  position,  and  the 
potassium  melted  and  flowed  into  its  final  place.  The  electrode 
was  afterward  easily  put  in  any  desired  position  by  inclining  and 
tapping  the  tube. 

Fig.  17  shows  two  curves  obtained  with  the  cell,  for  electrode 
distance  of  2  and  40  mm.  These  are  both  concave  to  the  illumina- 
tion axis,  and  while  the  short-distance  curve  is  somewhat  less 
concave  than  the  other,  it  is  evident  that  variation  of  electrode 
distance  alone,  at  this  pressure,  does  not  produce  rapid  changes  in 
curve  type. 

Cell  with  variable  pressure. — A  cell  similar  to  g  was  next  con- 
structed, differing  in  the  possession  of  a  side  tube  containing  a 
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ground  stopcock  and  a  ground  cone,  titling  the  ground  sleeves  of 
the  pump  system  h.  This  cell  was  made  a  little  differently  from 
the  last,  being  filled  in  an  upright  position  through  a  lateral  con- 
stricted tube,  the  solenoid  being  in  position  throughout.  Of  course 
the  proper  procedure  would  be  to  have  the  cell  constantly  connected 
to  pump  and  gauge,  but  this  was  not  possible  to  arrange  in  the 
present  case.  Trouble  was  expected  from  the  stopcock,  and  leakage 
did,  in  fact,  spoil  the  potassium  surface  after  two  days.     In  that 
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Figs.   17,   18,   19,   20. — Illumination-current    relationships   in   cells 
electrode  distance  and  gas  pressure. 


time,  however,  it  was  possible  to  allow  the  surface  to  reach  a  steady 
state  after  its  first  rapid  drop  in  sensitiveness  and  to  run  several 
curves  at  several  pressures  of  hydrogen.  The  change  in  pressure 
was  made  by  replacing  the  cell  on  the  pump,  securing  a  good  vacuum, 
and  introducing  gas  from  palladium  foil.  Measurements  were  made 
as  soon  after  as  practicable.  Results  for  three  pressures©. 01,  0.06, 
and  0.6  mm  are  shown  in  Figs.  18,  iq,  and  20,  while  Fig.  17  may 
be  considered  as  exhibiting  part  of  the  same  series  of  pressures,  the 
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value  of  p  being  about  o .  005  mm.  These  curves,  while  by  no  means 
offering  a  complete  picture  of  the  variation  of  the  illumination- 
current  relation,  show  clearly  that  it  is  a  function  of  pressure, 
voltage,  and  electrode  distance.  From  the  results  of  Varley  it  is 
to  be  expected  also  that  the  nature  of  the  gas  filling  the  tube  will 
affect  the  relationship. 

II.      DISCUSSION 

Two  generalizations  appear  to  be  justified  from  study  of  these 
curves: 

A.  There  is  a  qualitative  agreement  throughout  between  the 
effects  of  (i)  increase  of  electrode  distance;  (2)  increase  of  pressure; 
(3)  decrease  of  voltage.  For  illustration,  take  Fig.  19,  p  =  o.o6  mm, 
electrode  distance  i  cm,  261  volts.  This  gives  a  curve  convex  to  the 
illumination  axis.  Lowering  the  voltage  to  174,  distance  remain- 
ing constant,  yields  a  nearly  straight  line,  i.e.,  a  more  concave  curve. 
Leaving  the  voltage  at  261,  an  increase  of  electrode  distance  to 
5  cm  yields  a  concave  curve.  With  this  greater  electrode  distance 
an  increase  of  voltage  to  348  brings  back  the  convex  type  of  curve. 
Again  changing  from  174  volts,  i  cm  distance  at  o.oi  mm  (Fig.  18), 
to  the  same  voltage  and  distance  for  0.06  mm  (Fig.  ig)  alters  the 
curve  from  convex  to  straight,  while  with  pressure  remaining  con- 
stant at  0.01  mm  an  increase  of  electrode  distance  to  5  cm  yields  a 
concave  curve.  There  appears  to  be  no  exception  over  the  range 
of  voltages,  etc.,  here  used,  to  this  relationship,  which,  of  course,  is 
not  an  unnatural  one. 

B.  The  course  of  the  changes  from  the  most  intense  conditions 
(high  voltage,  low  pressure,  small  electrode  distance)  to  the  least 
intense  (low  voltage,  high  pressure,  large  electrode  distance) 
appears  to  consist  of  at  least  three  and  perhaps  more  stages. 

First  stage. — At  most  intense  conditions  (Fig.  15)  a  current 
which  approaches  saturation  with  increase  of  illumination  (curves 
concave  toward  illumination  axis). 

Second  stage. — -A  current  increasing  with  illumination  in  the 
same  manner  that  a  constant  illumination  current  increases  as  the 
dark  discharge  voltage  is  approached  (ionization  by  collision) 
(Figs.  8,  II,  18,  19). 
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Third  stage. — -This  second  current  approaches  saturation  (Figs. 

9,  12,  13)- 

A  fourth  stage  is  suggested  in  the  curves  of  Fig.  10,  cell  c,  where 
at  relative  illumination  0.8  for  the  higher  voltages,  a  new  upward 
turn  is  taken,  followed  again  by  apparent  slow  approach  to  satura- 
tion. In  fact  it  appears  probable  that  the  illumination-current 
relationship  may  be  plotted  as  a  curve  whose  ordinates  increase  in 
value  in  steps. 

The  most  general  statement  of  the  effects  produced  by  light  is 

that  already  made,  that  variations  of  illumination  appear  to  act  in 

a  similar  manner  to  variations  in  voltage,  producing  currents  obey- 

„,      ,     ,                   ,      .                 /•     »u-                   Illumination, 
mg  Ohms  law  over  short  ranges  (m  this  case  c= -„ — r- ;, 

currents  which  approach  saturation,  which  increase  in  value  as 
though  through  ionization  by  colhsion,  etc.  The  quantity  of  elec- 
trons Uberated  is  apparently  as  potent  a  factor  as  is  voltage  in 
altering  the  character  of  the  discharge. 

Other  differences  between  the  originally  studied  cells  may  have 
been  of  effect.  For  instance,  the  somewhat  different  character  of 
surface  with  consequent  different  amounts  of  normal  and  selective 
effect.  It  would  be  of  interest  in  a  more  complete  and  detailed 
study  of  this  relation  to  examine  the  normal  and  selective  effects 
separately  in  sodium  potassium  alloy. 

A  point  of  extreme  importance  which  must  here  be  emphasized 
is  that  these  results  apply  of  necessity  only  to  gas-fflled  cells.  The 
best  vacuum  attained  in  the  cells  here  described  was  not  sufficient 
to  produce  saturation.  Traces  of  gas,  and  probably  mercury  vapor, 
were  always  present.  What  will  happen  in  a  cell  exhausted  by  the 
new  Gaede  molecular  pump  with  the  assistance  of  Hquid  air  is  a 
question  still  open  for  investigation.  It  must  be  remembered, 
however,  that  all  previous  work  on  this  relationship  has  been  done 
with  no  better  vacua  than  here  used;  that  the  most  widely  exploited 
cells,  those  of  Elster  and  Geitel,  are  purposely  filled  with  a  gaseous 
atmosphere.  In  short,  this  work  stands  in  contradiction  to  all 
researches  which  have  hitherto  been  considered  proof  of  the  linear 
illumination-current  relationship. 

Looked   at   from   the   standpoint   of  photometric   application, 
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these  results  are  the  opposite  of  encouraging.  The  most  that  can 
be  said  is  that  by  careful  choice  of  electrode  distance,  gas,  pressure, 
and  voltage,  cells  may  be  produced  which  for  a  more  or  less  limited 
range  show  a  linear  relationship  between  illumination  and  current. 

Every  cell  would,  therefore,  have  to  be  either  tested  for  this 
relation  while  still  on  the  pump,  or  have  its  calibration-curve  deter- 
mined under  conditions  to  be  rigidly  adhered  to  afterward.  Any 
change  in  pressure,  or  possibly  (a  point  not  touched  on  here)  any 
aging  of  the  surface  would  necessitate  a  checking  of  this  caUbration. 

A  further  question,  should  colored-light  photometry  be  at- 
tempted with  cells  made  with  the  characteristic  thus  determined, 
would  be  the  uniformity  between  different  cells  and  the  permanence 
in  any  one  cell  of  the  distribution  of  sensibility  through  the  spec- 
trum. Data  on  wave-length  sensibility  obtained  during  the  course 
of  this  investigation  indicate  possibilities  of  wide  differences  from 
cell  to  cell,  but  this  question  is  left  for  further  study. 

It  must  not  be  forgotten,  however,  that  the  photo-electric  cell 
possesses  enormous  sensitiveness  and  that  the  conclusions  above 
reached  do  not  affect  at  all  its  use  as  a  detector,  or  for  measurement 
by  substitution  methods  where  the  lights  under  comparison  are  of 
identical  quaUty.  A  set  of  electric  lamps  of  the  same  type  could, 
for  instance,  be  brought  to  the  same  candle-power  by  so  regulating 
their  voltage  that  they  gave  the  same  photo-electric  current  in  the 
cells,  or  relative  candle-powers  could  be  determined  by  finding  the 
distance  at  which  different  lamps  gave  the  same  deflection.  A 
degree  of  sensitiveness  greatly  exceeding  the  eye  should  be  attain- 
able for  such  work.  There  is  not  the  need,  however,  for  this  kind 
of  photometric  adjunct  that  exists  for  an  "average  eye"  for 
standardization  of  color  measurements. 

12.       SUMMARY   AND   CONCLUSIONS 

1.  Photo-electric  cells  and  auxihary  apparatus  have  been 
developed  by  which  the  character  of  the  photo-electric  current  may 
be  studied  without  disturbance  by  spurious  effects. 

2.  The  use  of  the  quadrant  electrometer  for  measuring  photo- 
electric current  has  been  studied  and  the  conditions  determined 
such  that  its  characteristics  introduce  no  distortions  in  the  results. 
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3.  The  illumination-current  relationship  has  been  found  not  to 
be  linear,  but  to  be  a  complicated  function  of  voltage,  electrode 
distance,  and  pressure,  similar  to  the  voltage-current  relationship. 

4.  It  is  concluded  that  gas-hlled  photo-electric  cells  do  not 
possess  the  qualities  most  desirable  in  a  physical  photometer. 

The  writer  takes  pleasure  in  acknowledging  the  assistance  and 
co-operation  of  Mr.  E.  Karrer  during  a  portion  of  this  work. 

Physic.\i,  ReSE.\I!CH  L.'^OR.WORY 
United  Gas  Improvemevt  Co. 
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PHOTOMETRIC   TESTS   OF   SPECTROSCOPIC   BINARIES 
By  JOEL  STEBBINS 

For  some  years,  I  have  been  interested  in  the  possible  small  Hght- 
changes  of  spectroscopic  binaries,  synchronous  with  the  orbital 
motion.  In  1904  I  began  to  test  some  of  these  stars  with  a  visual 
photometer,  but  did  not  succeed  in  finding  any  new  variables,  and 
the  problem  was  laid  aside  until  some  means  could  be  found  of 
improving  the  accuracy  of  the  observations.  When  the  selenium 
photometer  was  perfected,  I  at  once  planned  to  renew  the  tests  of 
short-period  binaries.  It  had  only  been  my  hope,  from  the  start, 
to  detect  continuous  variations  of  something  like  0.05  or  o.io 
magnitude,  and  the  possibility  of  finding  eclipsing  systems  had  not 
appealed  to  me  until  eclipses  had  been  actually  discovered  in 
/3  Aurigae  and  5  Ononis.  The  success  in  these  two  cases  brought 
out  the  high  probability  that  there  are  plenty  of  ecHpsing  variables 
which  may  easily  be  detected  by  observations  at  the  proper  times. 
All  we  need  to  do  is  to  compute  from  the  spectroscopic  elements 
the  instants  when  the  longitude  from  the  node,  u,  is  equal  to  90°  or 
270°.  An  eclipse  of  the  second  component  is  just  as  important  as 
that  of  the  primary,  for,  neglecting  the  eccentricity  of  the  orbit, 
where  there  is  one  minimum  there  must  always  be  two.  Even  if 
the  fainter  body  is  nonluminous,  it  will  reflect  the  light  of  the 
primary,  and  theoretically  at  least  this  second  echpse  will  be 
present. 

This  program  of  taking  photometric  measures  at  the  favorable 
epochs  sounds  easy  enough,  but  the  difficulties  are  considerable. 
We  hear  some  complaint  that  the  observers  of  Algol  variables  do 
not  determine  the  Ught-curves  thoroughly,  but  a  Httle  experience 
will  convince  anyone  that,  at  an  ordinary  station,  it  is  not  often 
that  a  critical  point  on  a  light-curve,  such  as  the  beginning  or  end 
of  a  minimum,  happens  to  come  on  a  good  clear  night,  with  the 
star  in  proper  observ-ing  position.  In  work  on  bright  stars  with  the 
selenium  photometer,  the  times  are  more  than  ordinarily  restricted 
because  of  the  exacting  requirements.  When  a  variable  and  the 
459 
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comparison  star  are  io°  or  even  15°  apart,  and  we  desire  results 
correct  to  the  hundredth  of  a  magnitude,  there  is  absolutely  no  use 
in  trj-ing  to  work  on  any  but  tirst-class  nights. 

Up  to  the  present,  with  our  12-inch  telescope,  I  have  not  tried 
the  selenium  method  on  stars  fainter  than  magnitude  3 .  o,  and  the 
program  is  therefore  quite  Hmited.  Nevertheless  it  has  seemed 
worth  while  to  continue  the  search  for  variables,  because  of  the 
importance  of  those  cases  where  we  have  both  the  light-  and 
velocity-curve  of  an  eclipsing  system.  I  have  therefore  made  a 
list  of  spectroscopic  binaries,  and  at  the  beginning  of  each  month 
I  have  marked  the  nights  when  each  star  should  be  tested.  The 
work  of  observation  is  slow  and  laborious,  but  there  is  always  the 
hope  of  picking  up  a  variable,  and  any  such  found  will  be  both 
interesting  and  important. 

The  times  of  minima  are  easily  computed  with  the  aid  of  the 
"Tables  for  the  True  Anomaly  in  Elliptic  Orbits"  by  Schlesinger 
and  Miss  Udick.^  When  the  eccentricity  is  small,  we  may  derive 
a  convenient  check  from  the  relation  that  the  true  anomalies  of  the 
two  minima  differ  by  180°.  Let  /i  be  the  epoch  of  eclipse  of  the 
brighter,  and  I2  that  of  the  fainter  spectroscopic  component,  i\,  v^, 
and  Ml,  M2  the  corresponding  true  and  mean  anomahes;  P  the 
period,  e  the  orbital  eccentricity,  and  co  the  longitude  of  periastron. 
Then-" 


\ 
) 

I 


,,       r     ■  1  1  +  2I  -I— e'  ,   .  , 

Vi  —  Mi  =  2\e  sm  z',  — 5 e'  sm  2i',+ 

{x+Vi-e^y 

\ —  '^  e^  sm  xvi—  ,  .  .  .  1 

ir  r       •  1  I+2V^I— C    .     .        ^     , 

V2—M2  =  2\e  sm  v^  —  ^ e'  sm  21'^+ 


(i) 


(2) 


Subtracting  (2)  from  (i)  and  noting  that  V2  =  i\-\-n-,  also  i\  = w, 

we  have,  neglecting  c^  and  higher  powers: 

-l/j  —  .1/,  —  TT  =  4f  cos  <•>  —  \e^  cos  3«> 

'  Publications  of  the  Allegheny  Observatory,  2,  155,  191 2. 
'  Tisserand,  Mccaniquc  cileste,  i,  224. 
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or 

{M,-M,)P  P(    ,  4g  cos «)      2  \ 

.277  2\        '  TT  37r  -^      /  '-5' 

This  gives  a  convenient  check  upon  the  computation  of  /i  and  t^, 
but  cases  may  arise  where  we  may  neglect  e^  and  use  the  times  /j 
and  I2  for  the  determination  of  e.     From  (3)  there  follows 


e  cos  0)  =  - 


C-^-*)  (4) 


The  determination  of  the  spectroscopic  elements  is  often  trouble- 
some when  e  is  small,  and  if  it  happens  that  a  star  shows  eclipses 
which  can  be  accurately  observed,  then  e  cos  w  may  be  derived  from 
(4),  and  only  the  other  component,  e  sin  co,  need  be  found  from  the 
velocity  measures. 

Let  us  note  that  the  times,  t^  and  Z^,  here  defined  are  not  strictly 
the  instants  of  maximum  eclipse  when  the  orbital  incHnation  differs 
from  90°,  but  the  errors  introduced  are  quite  small. 

It  is  the  custom  for  most  observers  to  be  reasonably  conserva- 
ti\e  in  the  announcement  of  new  variable  stars,  especially  those 
with  small  range.  In  the  case  of  stars  here  considered  it  is  quite 
legitimate  to  publish  suspicions  of  variability,  because  in  any  case 
the  spectroscopic  period  may  be  assumed,  and  other  observers  will 
know  just  when  to  confirm  the  light-changes.  Negative  evidence 
is  also  important,  and  when  a  star  has  been  tested  without  showing 
eclipses,  that  fact  ought  to  be  announced  with  reasonable  prompt- 
ness so  that  a  second  observer  will  not  waste  his  time  on  unpromis- 
ing cases.  In  this  connection,  however,  it  is  much  more  difficult 
to  prove  that  the  light  of  a  star  is  constant  than  that  it  varies. 
When  ecUpses  take  place,  and  the  star  decreases  by  a  conspicuous 
amount,  the  fact  is  settled;  but  to  show  that  there  are  no  eclipses, 
one  must  have  observations  extending  for  some  time  on  each  side 
of  the  predicted  minimum,  to  make  sure  that  the  spectroscopic 
elements  and  period  are  all  right.  It  has  appeared  to  some  as- 
tronomers that  the  laborious  solution  for  the  definitive  elements  of 
a  spectroscopic  binary  are  scarcely  worth  while,  but  I  have  found 
it  extremely  convenient  to  know  that  the  spectroscopic  results  are 
reliable. 
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In  forming  the  observing  program,  Campbell's  "Second  Cata- 
logue of  Spectroscopic  Binary  Stars"'  has  been  used,  though  in 
some  cases  extra  decimals  have  been  taken  from  the  original  sources. 
The  stars  have  been  selected  principally  on  account  of  brightness. 
The  favorable  cases  are  presumably  those  systems  of  short  period, 
and  large  range  in  velocity;   or,  what  amounts  to  the  same  thing, 

those  with  large  values  of  the  quantity  7 — ^—, r; .     Some  stars  have 

been  tested  on  many  nights  and  throughout  the  whole  period,  but 
others  only  a  few  times,  and  there  is  therefore  a  vast  difference  in 
the  relative  thoroughness  with  which  the  different  objects  have 
been  studied. 

In  what  follows,  under  each  star  the  spectroscopic  elements  are 
given,  and  with  these  the  hypothetical  times  of  eclipses.  Green- 
wich Mean  Time  is  used  throughout.  In  the  journal  of  obser\'a- 
tions,  the  phase  is  expressed  as  a  fraction  of  the  period.  A  '"set" 
of  measures  usually  consists  of  two  exposures  on  the  comparison 
star,  four  to  six  on  the  tested  star,  and  then  two  on  the  comparison 
star.  All  of  the  measures  have  been  corrected  for  atmospheric 
absorption.  After  a  discussion  of  the  evidence  in  each  case,  I  have 
tried  to  give  in  a  short  summary  my  best  judgment  of  the  result 
of  the  tests. 

21  a  Aiidromcdac 
H.R.  15,  Mag.  2.15,  Spectrum  Ao 

There  are  independent  orbits  for  this  star  by  Baker^  and  by 
Ludcndorff.^ 

Baker  Ludendor0 

P 96^67                   96''7 

T 2417882.40  2416817. 

to) 76?2i                   69?4 

e 0.525                  0.50 

m\  sin-"  i  _ 

(Wi+OTj)' 

The  hypothetical  light-elements  from  Baker's  orbit  are: 
Min.    I=J.D.  24i7883.394-96''67  •  £ 
Mill.  II  — Min.  1  =  57^26  =  0^592 

■  Lick  Obsenalory  Bulletin,  6,  17,  1910. 

'  Piiblicalions  of  the  Allegheny  Observatory,  i,  22,  1908. 

'  Aslronomischc  Nachrichlen,  178,  23,  1908. 
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The  same  from  Ludendorff  are: 

Min.    I  =  J.D.  24i68i8.6+96'i7  •  E 
Min.  II  — Min.  I  =  6o':'s  =  o?626 

The  comparison  star  was  /3  Andromedae,  with  additional  meas- 
ures on  a  Pegasi  for  the  absorption  correction.  The  difference  of 
magnitude  is  in  the  sense:   /3  Andromedae  minus  a  Andromedae. 

TABLE  I 
Observations  of  a  Andromedae 


Date 

G.M.T. 

Phase 

Sets 

Reuarzs 

Baker 

Ludendorff 

Magnitude 

1911 
October       22 

23 

23 

November  15 

December  19 

22 

jqI"        1701 

17  IS 

18  13 
17  48 
IS    04 
IS    00 

P 

0.994 
.003 
.003 
.241 
•592 

0.623 

P 

0.000 
.010 
.010 
.248 
■S98 

0.629 

Mag. 

0.37 
•37 
.36 
•37 
•37 

0.32 

3 
3 
3 

2 

3 
2 

Poor  sky 
Smoke 

On  December  19  the  sky  was  somewhat  thick,  but  apparently 
uniform,  and  on  December  22  smoke  was  passing  near  or  over 
the  stars.  In  determining  the  light-curve  of  a  known  variable,  I 
should  not  think  of  working  under  such  conditions ;  but  in  this  case 
there  was  a  chance  to  make  a  discovery,  since  experience  shows  the 
smoke  would  not  change  the  result  by  more  than  o.i  or  0.2  mag- 
nitude. The  agreement  of  the  other  measures  is  in  part  accidental 
but  not  extraordinary. 

Result  for  a  Andromedae. — Observations  on  five  nights  near  pri- 
mary and  secondary  minimum,  and  on  one  night  between  minima, 
give  no  evidence  of  eclipse  variation. 

I J  a  Aurigae 
11. R.  1708,  Mag.  0.21,  Spectrum  Go 
The  orbit  is  by  Reese,'  and  two  spectra  are  visible. 


P I04'*022 

T 2414899.5 

<•> ii7°3 

e 0.016 

'  Lick  Observatory  Bullclin,  i,  34,  1901. 


m\  sin^  i 

7 i t; 0.184 

nil  sin^  i i .  19 

Wj  sin^  i 0.94 
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The  hypothetical  light-elements  are: 

Min.  I  =  J.D.  2414995. 87-|-io4'*o22  •  E 
Min.  II  — Min.  I  =  5i'?52  =  o?495 

A  variation  of  Capella  seems  improbable  because  of  the  length 
of  period  and  the  Class  G  spectrum.  After  waiting  during  two 
years  we  managed  to  observe  it  near  minimum  on  one  night  but 
through  smoke.  The  comparison  star  was  the  variable  /3  Aurigae. 
which,  however,  was  not  near  its  ecUpsing  phase.  The  difference 
of  magnitude  is  in  the  sense:    |3  minus  a. 

TABLE  II 
Observations  of  a  Aurigae 


Date 

G.M.T. 

Phase 

Difference  of 
Magnitude 

Sets 

Remarks 

igi2 

March  6 

6 

6 

16    14 
16     54 

P 
0.998 
•999 
■999 

Mag. 
1.70 
I  •79 
1.84 

4 
4 

4 

Smoke 
Smoke 
Smoke 

March  6 

9 

16     14 
16     29 

•999 
0.028 

1.78 
1.77 

12 
S 

Mean 

Result  for  a  Aurigae. — Measures  on  one  night  at  phase  o^'ggg 
compared  with  another  night  at  phase  0^028  give  no  evidence  of 
variation. 

4.^  t  Orioiiis 
II. R.  1899,  Mag.  2.87,  Spectrum  Oe5 
The  orbit  is  by  Plaskett  and  Harper." 

P 29''i36  e 0754 

T 2417587.993  tnj  sin^  i  ^ 

<D i.i3?28  (wi+Wj)' 

The  hypothetical  light-elements  are: 

Min.    I  =  J.D.  24i7587^8i5+Vi36  •  E 
Min.  II  — Min.  I  =  7^  129  =  0? 245 

Eclipses  of  this  star  would  be  especially  interesting  because  of 
its  spectrum,  OC5.  The  comparison  star  was  jj  k  Orionis.  and  the 
difference  of  magnitude  is  in  the  sense:   k  minus  i. 

'  Aslrophysical  Journal,  30,  379,  1909. 
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TABLE  III 
Observations  of  i  Ononis 


Date 

G.M.T. 

Phase 

Difference  of 
Magnitude 

Sets 

Remarlts 

November  24 

December  11 

1912 

Februar>'     19 

19 

March         26 

20''  14™ 
18     28 

14  38 

15  28 
14     54 

P 

0.025 
.606 

.003 

.004 

0.239 

Mag. 

0.65 

.64 

.64 

.62 

0.60 

2 

2 

s 

5 
3 

Smoke 
Smoke 
Bright  moon, 
poor 

Result  for  i  Orionis. — Observations  at  o''oo4  after  primary  and 
o''oo6  before  secondary  minimum  show  no  evidence  of  variation. 

66  a  Gcminoriim 
a,  Geminorum,  H.R.  2890,  Mag.  2.85,  Spectrum  Ao 
a,  Geminorum,  H.R.  28gi,  Mag.  i  .99,  Spectrum  Ao 
The  orbit  for  each  star  has  been  derived  by  Curtis." 

P 2^928285  9'i2i8826 

T 2416828.057  2416746.385 

" i02?52  26s?3S 

e o.oi  o.  503 

m\  sin^  i 

-, ; ^ O.OOQ7  o.oois 

The  hypothetical  light-elements  are  for  a^: 

Min.    I=J.D.  2416827. 957  +  2'^92828s  •  E 
Min.  II  — Min.  I  =  i'*46o  =  oP499 

and  for  aj: 

Min.    I=J.D.  24i675i.305+9'^2i8826  •  E 
Min.  II  — Min.  I  =  4'*333=o^47o 

I  have  studied  this  cjuadruple  system  in  some  detail,  principally 
because  of  the  favorable  comparison  star,  /S  Geminorum.  As  both 
the  mass  functions  are  small,  there  seems  to  be  little  probability  of 
eclipses,  but  the  high  eccentricity  for  a^  might  lead  to  some  light- 
variation.     The  companion  in  this  case  is  three  times  nearer  and 

'  Lick  Observatory  Butlrtiii,  4,  58  and  64,  1906. 
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receives  nine  times  as  much  radiation  at  periastron  as  at  apastron. 
A  variation  of  o .  02  mag.  in  the  combined  light  of  a,  and  a^  would 
be  produced  by  a  change  of  0.064  mag.  in  a,,  or  0.029  mag.  in  a^. 
There  is,  therefore,  a  possibiUty  that  the  most  accurate  observa- 
tions might  detect  a  variation  in  either  of  the  stars. 

As  the  work  on  Castor  was  secondary  to  that  on  other  stars,  the 
observations  were  prolonged  over  several  years,  and  with  varying 
conditions  of  the  photometer.  We  used  different  mountings  of  the 
selenium  cell,  and  different  portions  of  its  sensitive  surface.  For 
this  reason,  the  observations  are  divided  into  five  series,  and  small 
systematic  corrections  have  been  applied  to  the  results  so  as  to 
bring  the  mean  of  each  series  into  agreement. 

Series  Correction 

Mag. 

I       '.     —  O.OOI 

II    +     .001 

III .  000 

IV +   .010 

V    —0.003 

Since  the  maximum  difference  between  series  was  only  0.013  "i^g-j 
the  experiments  with  the  instrument  introduced  no  great  dis- 
turbance. 

In  Table  IV  are  given  the  results  of  the  measures,  after  the  above 
systematic  corrections  have  been  appHed.  The  weights  are  pro- 
portional to  the  number  of  sets,  except  for  Series  II,  where  the 
general  agreement  is  poor,  and  the  whole  series  has  been  given 
half-weight.  The  difference  of  magnitude  is  in  the  sense:  a  Gemi- 
Horum  minus  /3  Geminoriim,  the  measure  being,  of  course,  of  the 
combined  light  of  a,  and  02. 

On  February  9,  191 2,  I  was  surprised  to  note  that  the  measures 
made  Castor  abnormally  faint  at  a  phase  near  minimum  of  a,.  The 
observations  were  therefore  extended  as  long  as  possible  at  the  next 
minimum,  three  nights  later,  and  surely  enough  the  light  decreased 
again  about  0.05  magnitude.  I  then  looked  over  the  previous 
selenium  observations,  and  found  another  discordant  result  at  the 
same  phase.  Also  a  search  through  some  visual  work  gave  two 
more  discordances  at  the  ecli])sing  phase  of  a,.     I  therefore  had 
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TABLE  IV 
Observations  op  o  Geminorum 

SERIES  I 


Date 

G.M.T. 

Phase 

Difference  of 
Magnitude 

a. 

«. 

igog 

November  25 .  . 

December  7 .  . 

18.. 

1910 

January    g.  . 

18.  . 

27.  . 

31-  ■ 

February   i .  . 

3-  ■ 

3-  • 

4-  • 
March    12.. 

13- • 
14.  . 
16.. 

17.  . 

18''  38" 

17  47 

18  20 

18  43 
ig  02 
18  33 
ig  18 
18  16 

17  15 

18  20 
17  48 
16  40 
16  44 
IS  21 
IS  03 
15  10 

0 
0 

P 

706 
792 
556 

075 
153 

2ig 
596 
923 
591- 
607 
940 
218 
561 
883 
561 
90s 

0 
0 

P 

524 
822 
018 

406 
383 
3S8 
795 
899 
III 
116 
222 
122 
231 
333 
548 
657 

Mag. 

0.237 

.217 

•233 

.231 
.217 
.205 
.207 
.227 
•231 
■23s 
■197 
.217 
.210 
.  222 
■213 
0.223 

5 

4 
5 

5 
5 
S 
5 
S 
S 
3 
5 
S 
5 
5 
S 
5 

April 


14  06 

14  II 

14  16 

13  54 

14  4g 

13  S8 

14  48 
16  08 

15  2g 


0 

6gs      0 

497 

720 

822 

746 

148 

082 

255 

09s 

259 

108 

581 

120 

58s 

138 

591 

520 

347 

0 

529      ° 

35° 

0.217 

.238 

.  217 
.242 
.  206 

•  199 
.168 

.209 

■  251 
0-253 


SERIES   III 


November  24.  . 

19 

42      0 

026      0 

013 

o.2og 

4 

December  12.  . 

20 

41 

187 

970 

.231 

S 

12.  . 

21 

38 

200 

975 

.221 

5 

January   9 . . 

16 

25 

688 

g88 

.218 

s 

9-- 

17 

IS 

700 

992 

.246 

5 

9.. 

18 

07 

712 

996 

.220 

5 

g.. 

19 

01 

725 

000 

.208 

s 

g.. 

19 

52 

737 

004 

■  203 

5 

February  24 .  . 

17 

17 

409 

982 

.197 

5 

24.  . 

18 

10 

422 

986 

.189 

5 

March     4.  . 

17 

40 

147 

851 

.227 

4 

13-  • 

16 

41 

206 

823 

.222 

5 

20.  . 

17 

33      0 

6og      0 

587 

0.244 

5 
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TABLE  l\— Continued 
SERIES  ui — Continued 


Date 

G.M.T. 

Phase 

.. 

o. 

Magnitude    "*-i*^x 

1 

1911 
March    22.  . 
24.  . 
27.  . 
31-  ■ 
April      I .  . 
9.  . 

IS-- 
22.  . 
22.  . 
23- 
23- 
24.  . 
May      7-  - 
7.  ■ 

■  ,   IS*"  45"" 
-  1   IS  20 

15  39 

16  22 

IS  10 

14  49 

15  16 

14  46 

15  41 

14  48 

15  43 
IS  41 

14  34 

15  26 

0 

0 

P 

266 
944 
973 
349 
673 
400 
456 
839 
852 
181 
194 

Sii 

9S9 
971 

0 

0 

p 

795 

010 

337 

774 

877 

744 

396 

153 

IS8 

262 

266 

375 

780 

784 

Mag. 
0.2S9 

-215 
.220 
.191 
.212 
-231 
.220 
.214 
.207 
.210 
.201 
.228 
.240 
0.248 

S 
5 
S 

s 
s 
s 
s 

5 
S 
5 
S 
5 
5 
5 

SERIES  IV 


November  26 

26 

December     i 

3 

3 

1912 

January        8 


February      9 


March 


21  21 

22  13 

23  22 

18  48 

19  40 

20  59 

18  SS 

19  49 

20  12 

21  39 
18  02 

18  s8 

19  S3 
16  40 

18  07 

19  25 

15  29 

16  24 


0 

367     0 

827 

380 

831 

086 

373 

782 

S94 

798 

599 

027 

483 

405 

921 

424 

927 

444 

569 

457 

573 

975 

961 

995 

968 

968 

277 

981 

281 

994 

285 

462 

657 

483 

663 

SOI 

669 

860 

736 

0.873   1  0 

740 

o  233 
.220 

-237 

.240 

.221 

.224 
.196 
.199 
.230 
.220 
.202 
.246 
.199 
.222 
.229 
.212 
-235 
.214 
199 
0.225 


March 


April 


15  37 

16  20 
•5  57 
16  45 

14  42 

15  16 
14  38 
14  20 
14  29 
14  38 


0 

936    0 

713 

287 

825 

989 

365 

001 

369 

703 

228 

053 

339 

727 

553 

430 

094 

823 

854 

0 

191      0 

288 

0.250 
.219 

.2X8 

-233 

.209 
.224 
.227 
.189 

.220 
0.3II 


PHOTOMETRIC  TESTS  OF  SPECTROSCOPIC  BINARIES     469 

Jive  independent  measures  all  showing  that  this  is  an  eclipsing  vari- 
able. On  the  theory  of  probabiUties,  such  an  agreement  could 
scarcely  be  the  result  of  chance,  but  nevertheless  there  were  some 
suspicious  circumstances.  Further  search  revealed  one  or  two  good 
measures  which  did  not  confirm  the  variation,  and  there  was  also 
the  possibihty  that  a  systematic  error  had  crept  in,  due  to  increased 
atmospheric  absorption  with  large  zenith  distances,  or  with  a  poor 
sky.  Tests  for  this  effect  had  been  taken  again  and  again  on  other 
stars,  but  no  measurable  variation  with  zenith  distance  had  been 
found;  this  means,  of  course,  any  outstanding  variation  after  the 
usual  correction  for  differential  absorption  is  applied.  Here,  how- 
ever, we  have  the  complication  that  both  components  of  Castor  are 
of  spectrum  Class  A,  while  the  comparison  star,  Pollux,  is  of  Class  K. 
It  is  natural  to  suppose  that  the  light  of  the  bluer  star  will  suffer 
greater  absorption  near  the  horizon.  Also  it  is  possible  that  the 
color  sensibility  of  selenium  changes  with  varying  hght-intensity. 
Either  of  these  effects  would  account  for  the  discordances. 

The  amount  of  the  absorption  at  any  time  is  indicated  by  the 
size  of  the  galvanometer  deflections,  and  a  graphical  treatment 
showed  clearly  the  dependence  of  the  difference  of  magnitude  upon 
the  deflections.  The  matter  was  further  tested  by  observing  under 
extreme  conditions,  and  in  Table  V  are  given  the  results  of  these 
tests.  On  these  dates,  the  sky  was  "thick,"  but  apparently  uni- 
form. The  deflection  is  that  of  Pollux  in  terms  of  the  mean  of 
adjacent  dates.  For  instance,  the  first  two  deflections  of  0.6  and 
0.4  were  small  compared  with  the  remainder  of  the  series,  where 
all  other  deflections  ranged  from  0.8  to  i .  2,  the  unit  being  30  mm. 
The  most  discordant  observation,  on  March  30,  191 2,  was  taken 
at  zenith  distance  73°,  and  with  the  smallest  deflections. 

The  results  in  Table  V  are  not  very  accordant  as  to  the  amount 
of  the  absorption  effect,  but  a  good  agreement  could  not  be  expected 
with  the  character  of  the  sky.  The  point  to  emphasize  is  that  a 
small  deflection  always  corresponds  to  a  positive  residual,  i.e.. 
Castor  faint.  The  measures  in  Table  IV  have  already  been  cor- 
rected for  the  absorption  effect,  where  necessary,  most  of  the  cor- 
rections being  only  one-  or  two-hundredths  of  a  magnitude.  The 
test  observations  of  Table  V  are  not  used  in  the  further  discussion. 
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The  next  step  is  to  form  normal  magnitudes  from  Table  I\'  on 
the  basis  of  the  phase  of  a^.  In  Table  \T  each  normal  is  usually 
from  three  observ-ations,  or  the  weighted  mean  of  12-15  sets.  With 
a  mean  difYerence  of  0.220  mag.,  the  residuals  give  the  probable 


TABLE  V 
Test  Observ.\tioxs  of  a  Geminorum 


G.M.T. 

Phase 

DlFPEEENCE 
OF 

REsrouAi 

Deplec- 

Sets 

a. 

«. 

Magnitude 

191 1 

P 

P 

Mag. 

Mag. 

May           2 

i6''o8°' 

0.273 

0.244 

0.  290 

+0.070 

0.6 

5 

4 

IS  57 

•9S4 

.461 

344 

+    .124 

■4 

S 

1Q12 

February  12 

20  34 

.004 

.288 

.266 

+    .046 

.6 

3 

12 

21   18 

■oiS 

.291 

■253 

+     033 

■4 

3 

March       8 

19  16 

•524 

994 

•317 

+    -097 

.6 

5 

8 

20  13 

■S37 

.998 

■314 

+     094 

4 

5 

3° 

19  12 

.036 

.380 

•  463 

+    -243 

■35 

3 

Apnl          s 

13  S4 

.009 

.007 

.312 

+    .092 

•7 

5 

S 

IS  04 

.026 

.012 

•35° 

+     130 

•5 

4 

S 

16  26 

0.04s 

0.018 

0.421 

+0.201 

0.4 

4 

TABLE  VI 
Normal  Magnitudes,  o,  Geminorum 


3.038 
.082 

■  139 
.186 
.200 
■234 

334 
•39S 
.418 

■  445 
.467 
.520 

3-559 


Difference  of  | 
Magnitude    , 


Mag. 

0.219 
■231 
.210 
.218 
•215 
.227 
■214 
.216 
■19s 
.217 
.222 
.230 

0.219 


Mag. 

—  O.OOI 
+  -Oil 

—  .010 

—  .002 

—  .005 
+  .007 

—  .006 

—  .004 

—  .025 

—  .003 

+  .002 

+  .010 


597 
657 
702 
719 
734 
791 
838 
872 
921 
948 
971 
981 
996 


Difference  of 
Magnitude 


Mag. 

0.223 
.225 
.232 
.218 
.215 
.227 
■214 
•215 

•  233 

.217 

.222 

■214 

0.236 


Mag. 
+0.003 


+0 


005 
012 
002 
005 
007 
006 
005 
013 
003 
002 
006 
016 


error  of  a  single  normal  =  ±0.006  mag.  Any  variation  nnist  there- 
fore be  quite  small.  Since  a,  has  a  short  period  of  less  than  three 
days,  it  has  seemed  worth  while  to  test  for  the  possibility  of  ellip- 
ticitv  of  figure,  which  would  give  a  sine  cur\e  with  period  one- 
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half  that  of  the  orbital  revolution.  In  Table  VII,  the  combined 
normals  are  each  the  mean  of  two  normals  from  Table  VI,  the  phase 
being  reduced  to  the  first  half  of  the  period.  The  probable  error 
of  a  combined  normal  is  ±0.003  mag.,  so  there  is  no  evidence  of 
ellipticity  of  figure.     From  the  number  and  size  of  the  residuals  in 


TABLE  VII 
Combined  Normals,  a,  Geminorum 


Dk    .            Difference  of 
P''"^             Magnitude 

Residual 

Phase 

Difference  of 
Magnitude 

Residual 

P 
0.029 

.070 

.118 

•172 

.201 

.226 

0.262 

Mag. 

0.224 
.225 
.216 
.222 
.224 
.222 

0.221 

Mag. 
+0.004 
+    .005 
—     .004 
+    .002 
+      004 
+    .002 
+0.001 

P 
0-336 

■384 

.420 

■446 

■  469 

0.488 

Mag. 

0.214 
.216 
.214 
.217 
.222 

0.225 

Mag. 

—  0.006 

—  .004 

-  .006 

-  .003 
+    .002 
+0.005 

TABLE  VIII 
Normal  Magnitudes,  oj  Geminorum 


J.  005 
•03s 
.116 
•154 
.227 
.262 
.281 
.322 
•349 
■369 
■38s 
■473 

5-557 


Mag. 

0.209 
.214 
.  227 
.212 
.205 
.211 
.223 
.218 
.225 
.230 
.222 
.230 

0.223 


Oil 
.006 
.007 
.008 

■015 
.009 
.003 
.002 
.005 
.010 
.002 
.010 
.003 


596 
659 
706 

753 
786 
814 
828 
861 
916 
966 
981 
992 


Difference  of 

Miignitude 


Mag. 

0.218 
.227 
.223 
.221 
.216 
.232 
-234 
.224 
.219 
.207 
.226 
.  202 

o.  228 


Mag. 

—  0.002 
+  007 
+  003 
+    .001 

—  .004 
+  .012 
+  .014 
+      004 

—  .001 

—  .013 
+    .006 

—  .018 
+0.008 


Tables  VI  and  VII,  it  seems  fair  to  assume  that  any  variability  of 
Castor  due  to  ai  must  be  less  than  0.02  mag.,  which  means  that  o, 
itself  is  constant  within  about  o .  06  mag. 

The  normals  on  the  basis  of  phase  of  02  are  given  in  Table  VIII. 
Here  again  the  probable  error  of  a  single  normal  comes  out  =t  o .  006 
mag.,  and  there  are  certainly  no  eclipses.     There  may  be  a  faint 
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suspicion  that  the  star  has  a  continuous  variation,  but  we  may 
safely  put  this  at  less  than  0.02  mag.,  which  corresponds  to  0.03 
mag.  in  a,.     The  normals  for  both  a^  and  a^  are  shown  in  Fig.  i. 

The  accordance  of  the  results  for  Castor  is  disappointing,  for  the 
probable  error  of  ±0.006  mag.  is  no  better  than  in  the  first  work 
on  Algol,  and  not  so  good  as  that  of  /3  Aurigae.  The  brightness  and 
proximity  of  Castor  and  Pollux  made  the  conditions  seem  very 

Difference  of  ilagnitude 


O-  220 1 


a^Gcmliwrum 


iUrsac  Majoris    0.340 


0.60 

0  Virgiiiis 

0  50 

0.40 

0.40 

a  Coronac 

0.50 

0  60 

P  Scarpa 

0  20 

0,30 

.5i 


Fig.  I. — Xormal  magnitudes  of  spectroscopic  binaries.     (The  vertical  scale  is 
uniformly  i  space  =  o.io  magnitude.) 


favorable,  and  in  spite  of  the  absorption  error,  I  hoped  that  the 
probable  error  of  a  normal  would  not  exceed  ±0.003  rnag.  Indeed, 
I  am  almost  forced  to  the  conclusion  that  the  light  of  Pollux  is  not 
constant.  If  the  sun,  of  spectrum  Class  G,  is  a  variable  star  with 
range  as  much  as  5  or  10  per  cent,  there  is  every  reason  to  suppose 
that  a  Class  K  star  may  vary  even  more.  As  shown  in  Table  IV, 
there  are  nights  with  systematic  discordances  of  about  0.03  mag.. 
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and  it  may  easily  be  that  these  are  due  to  the  variability  of  Pollux. 
One  of  the  future  problems  of  stellar  photometry  is  a  test  of  the 
various  spectral  t\-pes,  and  it  will  not  be  surprising  to  find  an 
increasing  tendency  to  irregular  light-variation,  as  we  pass  along 
the  scale  from  spectral  classes  B  to  ^I. 

Result  for  a  Geminorum. — An  exhaustive  test  shows  that  the 
Kght  of  this  star  is  probably  constant  within  0.02  mag.,  corre- 
sponding to  a  limit  of  0.06  mag.  for  a,  Geminorum,  and  to  0.03 
mag.  for  02  Geminorum. 

yg  j"  Ursae  Majoris 
H.R.  5054,  Mag.  2.40,  Spectrum  Ap 
The  orbit  is  by  Vogel'  and  the  period  by  Ludendorff ."" 

P 20'? 536  e 0.502 

T 2415472.84  W2  sin^  J 

<a ioi?3  {mi+nhj' 

mi  =  mz  = 2.0 

The  hypothetical  light  elements  are: 

Min.    I  =  J.D.  2415472. 65-|-2o'*536  •  E 
Min.  II-Min.  I  =  8'*79  =  oP428 

This  was  the  first  spectroscopic  binary,  discovered  at  Harvard, 
and  eclipses  would  be  unusually  interesting  as  both  components 
are  bright.  When  the  combined  light  is  measured,  the  presence  of 
the  fainter  visual  component  would  reduce  any  variation  of  the 
binary  by  about  one-fifth. 

The  photometric  observations  were  taken  in  three  series.  In 
Series  I  two  comparison  stars  were  used,  e  and  77  Ursae  Majoris, 
while  in  Series  II  and  III  the  measures  all  depend  upon  e  alone. 
The  systematic  corrections  are: 

(.    .  Correction 

^'"'^  Mag. 

I +    0.048 

II o .  000 

III +  o.oii 

In  Table  IX,  the  difference  of  magnitude  is  in  the  sense: 
f  minus  e.  The  weights  are  on  the  basis  of  the  general  accordance 
of  the  series. 

'  Astrophysical  Journal,  13,  328,  1901. 

'  Astronomische  Nachrichlen,  180,  276,  1909. 
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TABLE  IX 
Observations  of  f  Ursae  Majoris 


igio 

July     19 

20 

23 

24 

26 

29 

3° 

August    2 

3 

4 

7 

9 

II 

1911 
March   19 

19 

19 

19 

19 

20 

22 

23 

24 

27 

31 

31 

April        I 

9 

IS 

22 

23 

24 

May        2 

3 

7 

10 

May      19 

24 

25 

27 

June        I 

6 

7 

8 

10 

18 

19 


15°  14° 
17  10 
15     oi 


15  01 

IS  00 

IS  14 

14  48 

14  S9 

15  01 
IS  08 
14  44 


562 
614 
7S6 
806 
903 
048 
097 
243 
291 
340 


■S84 
0.681 


Mag. 

0.358 
.368 
•323 
•333 


318 
338 
303 
298 
358 
363 
303 
373 


15  57 

17  06 

19  31 

20  49 

21  59 

18  29 

16  41 
16  19 
16  14 
16  37 
16  59 
20  36 
16  26 

15  49 

16  IS 
16  39 
16  40 

16  36 

17  OS 

15  08 

16  28 
16  46 


0 

396     0 

351 

398 

342 

403 

320 

406 

319 

408 

302 

45° 

327 

544 

344 

592 

363 

640 

345 

787 

322 

982 

362 

990 

314 

030 

339 

418 

317 

711 

353 

053 

348 

102 

356 

150 

371 

541 

366 

586 

330 

783 

346 

0 

930      0 

324 

16  03 

16  04 

15  47 

15  50 

IS  16 

15  58 

16  04 
16  04 
IS  42 
IS  51 

IS  22 

IS  30 
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The  results  are  combined  into  normals  in  Table  X,  each  normal 
having  a  weight  of  from  12  to  16.  The  normal  magnitudes  are 
represented  in  Fig.  i.  Adopting  a  constant  difference,  0.340  mag., 
the  13  residuals  give  a  probable  error  of  a  single  normal  =  ±0.007 
mag. 

Result  for  f  Ursae  Majoris. — ^Observations  throughout  the  spec- 
troscopic period  give  no  evidence  of  eclipses,  nor  of  continuous 
variation.     The  star's  light  is  constant  within  0.02  or  0.03  mag. 

T.-VBLE  X 

Normal  Magnitudes,  f  Ursae  Majoris 


o.oss 
.171 
.292 
.366 
.404 
.446 
.556 
•597 
.649 
.741 
.802 
.920 

0.991 


Difference  of 
Magnitude 


Mag. 

0-337 
•356 
■i^i 
•34S 
.321 
•336 
■344 
•  344 
•349 
•349 
•342 
•333 

0.341 


Mag. 
—  0.003 
+ 

017 
005 
019 
004 
+  .004 
+  -004 
+  009 
+  .009 
+     .002 

+0 


6y  a  Virginis 
H.R.  5056,  Mag.  1. 21,  Spectrum  B2 
The  orbit  is  by  Baker,'  and  both  spectra  are  measurable. 

P 4''oi4i6  m\  sin^  i 

T 2417955.846 

" 328? 

e o.  10 


0.823 


nil  sin-!  i 9.6 

?«2  sin^  i 5.8 

The  hypothetical  light-elements  are: 

Min.    I  =  J.D.  2417957. 094-f4'^oi4i6-£ 
Min.  II— Min.  I  =  2^224  =  o?554 

With  the  selenium  photometer,  two  comparison  stars  have  been 
used:  4  7  Corel,  H.R.  4662,  mag.  2.78,  spectrum  B8;  27  j8  Librae, 

'  Publications  of  the  Allegheny  Observatory.  1,  72,  1909. 
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TABLE  XI 
Observations  of  a  Virginis 


Difference  of 
Magnitude 


191 2 

March  25 ... . 

25 •■•■ 

April       3 

3.... 

3  ■■•• 

3 

3.--- 

3--- 

7.... 

7.... 

7.... 

7.... 

7.... 

7.... 

7.... 

7.... 

7.... 

7.... 

7.... 

8.... 

8.... 

8.... 

8.... 

8.... 
15.... 

IS-  •• 
22.  . . . 
22. . . . 
22. . . . 
May        7 . . . . 

7.... 

7.... 

9.... 

9.... 

9.... 
19.... 
19.... 
19.... 
23.... 
23 ... . 
23-.- 
23... 
31.... 
June        2 . . . . 

2. . . . 

2. . . . 

2. . . . 

4.... 

4.... 

7.... 

7.... 


h   28" 
52 
32 


4  44 

5  07 
5  30 
5  54 

5  40 

6  04 


P          M 

ag. 

0.309        0 

54 

313 

st> 

531 

42 

536 

48 

540 

50 

546 

48 

550 

45 

556 

47 

529 

4b 

534 

46 

538 

SI 

542 

52 

546 

52 

55° 

SI 

556 

S3 

559 

53 

364 

55 

570 

49 

573 

52 

783 

S3 

787 

57 

791 

52 

811 

54 

816 

54 

519 

47 

558 

44 

261 

54 

265 

54 

269 

S8 

988 

34 

992 

41 

996 

48 

510 

47 

514 

45 

518 

55 

989 

39 

999 

48 

003 

47 

977 

40 

984 

5° 

988 

51 

994 

57 

990 

52 

469 

56 

473 

48 

477 

57 

481 

48 

977 

43 

981 

46 

724 

54 

729 

52 

0.714    1    0 

60 
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H.R.  5675,  mag.  2.74,  spectrum  B8.  It  had  been  my  intention  to 
cut  down  the  Hght  of  Spica  by  means  of  a  screen,  but  a  few  experi- 
ments showed  that  it  was  feasible  to  shorten  the  exposures.  The 
bright  star  was  therefore  given  a  3-second  exposure,  as  against  10 
seconds  for  the  comparison  stars.  This  procedure  is  not  without 
some  risk,  but  the  outcome  seems  to  be  satisfactory.  On  a  good 
night,  as  the  stars  approached  the  meridian,  the  measures  could  be 
made  with  7  Corvi  for  several  hours.  Then  when  the  absorption 
correction  became  too  large,  a  pause  of  an  hour  or  so  was  necessary 
until  /3  Librae  rose  to  a  sufficient  altitude. 

In  Table  XI  the  difference  of  magnitude  is  in  the  sense:  com- 
parison star  10  seconds  minus  Spica  3  seconds.  Each  observation 
comprises  two  sets  of  measures.  A  discussion  of  the  suitable  obser- 
vations gave  not  more  than  o.oi  mag.  difference  between  the  two 
comparison  stars,  and  they  are  assumed  to  be  equal.  These 
measures,  while  not  extending  over  the  entire  period,  are  sufficiently 
numerous  to  combine  into  normals,  as  shown  in  Table  XII. 

TABLE  XII 
Normal  Magnitudes,  a  Virginis 


Difference  of 
Magnitude 


Difference  of 
Magnitude 


3.263 
.297 
■473 
.502 
.522 
■533 
■  S40 
•547 

3-554 


Mag. 

0.54 
•S6 
54 
47 
49 
45 


5.560 
■S7I 
.722 
•785 
.806 
•979 
•  987 
•990 

3.998 


Mag. 

0-5I 
50 
55 
55 
53 
45 
45 


The  normals  are  represented  in  Fig.  i,  and  it  will  be  seen  that 
either  Spica  is  a  variable,  or  some  extraordinary  error  has  crept  in. 
The  star  was  measured  as  faint  near  both  predicted  minima,  and 
the  drop  was  greater  near  primary  minimum.  The  same  variation 
is  shown  with  each  comparison  star.  A  curious  feature  is  that  the 
eclipses  are  coming  ahead  of  the  times  predicted  from  the  spectro- 
scopic elements,  but  a  similar  discrepancy  in  the  same  direction  has 
been  noted  in  other  stars.     A  discussion  of  the  probable  errors 
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shows  that  the  deviations  from  constant  hght  are  much  greater  than 
could  be  expected  from  the  internal  agreement  of  the  measures. 
However,  this  is  not  a  question  to  be  settled  hy  probable  errors. 
The  measures  are  admittedly  difficult  because  of  the  low  altitude  of 
the  stars,  but  it  is  my  deliberate  judgment  that  Spica  is  a  variable. 

Needless  to  say,  it  will  be  worth  while  to  continue  the  obser\-a- 
tions,  and  fix  the  variation  beyond  a  possibihty  of  doubt.  In  Spica 
we  have  again  the  favorable  case  of  an  ecHpsing  variable  with  spec- 
troscopic elements  for  both  components,  and  in  \-iew  of  the  earh' 
B2  spectrum,  the  computed  dimensions  in  the  system  wiD  be  of 
special  interest  and  importance. 

Result  for  a  Virginis. — -The  measures  indicate  that  this  is  an 
eclipsing  variable  with  two  minima,  the  extreme  range  being  some- 
thing like  o.  10  magnitude. 

5  a  Coronac  Borealis 

H.R.  5793,  Mag.  2.31,  Spectrum  Ao 

There  are  two  independent  orbits  by  Cannon'  and  Jordan.^ 

Cannon  Jordan 

P i7''355     i7^3(> 


T 2417725 

<« •■■  303 

e o 

mi  sin-'  i 


054  2417742.55 
68     3i2?2 
277      0387 
057      0.060 


(»»,-|-Wj)^ 

The  hypothetical  light-elements  from  Cannon  are: 

Min.    I  =  J.D.  24i773i.09+i7'i355  •  E 
Min.  II  — Min.  I=io''4i  =  o?6oo 

and  from  Jordan: 

Min.    I  =  J.D.  2417730. 04-|-i7'*36  •  E 
Min.  II-Min.  I  =  ii<'64  =  or670 

There  is  a  dilTerence  of  more  than  a  whole  day  in  the  time  of  primary 
minimum  predicted  from  the  two  orbits;   but,  with  the  different 

■  Journai  of  Ihc  Royal  Astronomical  Society  of  Canada,  3,  152,  1909. 
'  Publications  of  the  Allegheny  Observatory,  i,  89,  1909. 
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periods,  this  is  reduced  to  about  half  a  day  at  the  epoch  of  the 
photometric  observations. 

The  possibility  of  testing  this  star  was  overlooked  for  some  time 
perhaps  because  the  period  of  17  days  is  not  especially  short.  A 
few  measures  were  taken  in  191 1,  and  as  some  were  pretty  close  to 
minimum  phase,  it  was  thought  that  there  was  little  need  of  further 
tests.  However,  on  April  7,  191 2,  we  had  a  fine  night,  and  were 
making  the  most  of  it  in  observing  several  stars.  Knowing  that 
a  Coronae  was  very  near  a  predicted  minimum,  we  started  to  meas- 
ure it  at  about  14''  local  mean  time.  I  was  at  once  amazed  to  find 
it  faint,  and  the  observations  were  therefore  continued  until  stopped 
by  dawn.  On  the  next  night,  the  star  was  back  at  normal  light, 
and  a  second  opportunity  to  test  the  minimum  has  not  occurred, 
though  measures  have  been  made  at  other  points  along  the  Ught- 
curve. 

The  measures  in  Table  XIII  are  all  referred  to  -q  Ursae  Majoris, 
though  some  of  the  earlier  comparisons  were  with  e  Bootis.  The 
difference  of  magnitude  is  in  the  sense:  a  Coronae  minus  77  Ursae 
Majoris.  Each  observation  comprises  three  sets  of  measures,  and 
there  is  practically  no  difference  between  the  means  for  the  two 
years. 

The  normals  are  shown  in  Fig.  i ,  where  the  dotted  lines  repre- 
sent Cannon's  minima.  Excluding  the  first  normal,  we  get  0.477 
mag.  for  the  mean.  The  residuals  give  a  probable  error  of  a  single 
normal  =  ±0.008  mag.,  and  the  first  residual,  due  to  the  eclipse, 
is  fifteen  times  the  probable  error.  If  this  minimum  of  a  Coronae 
were  a  phenomenon  observed  once  for  all,  it  might  be  worth  while 
to  give  in  detail  all  of  the  measures  on  the  one  critical  night.  But 
we  have  the  spectroscopic  period,  and  anybody  may  test  for  the 
light  change  at  his  convenience. 

There  is  no  e\ddence  of  a  secondary  minimum,  though  there  are 
three  normals  close  to  this  phase.  As  only  one  spectrum  is  visible, 
the  companion  may  not  be  very  bright.  It  is  not  probable,  there- 
fore, that  vfe  shall  be  able  to  derive  the  approximate  dimensions  in 
this  system,  though  they  would  be  interesting  since  a  Coronae  is 
a  member  of  the  extended  Ursa  Major  group. 
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TABLE  XIII 
Observations  of  o  Coronae  Borealis 


May  24.  . 
31-  • 
31- ■ 
31-  ■ 
31-  • 

June  I .  . 

1 .  . 
13- • 
18.. 

Z912 
April  7 .  . 
7-  • 
7.  • 
8.. 
8.. 

18.. 

18.. 

22. . 

23- ■ 

23.  . 

May  2 .  . 

2.  . 
S-- 
6.  . 
6.  .  , 
6.., 
6... 
9..  . 

June  2. . . 


15  54 

18  IS 

19  08 

20  48 

16  06 
16  48 

15  42 

16  34 

20  42 

21  23 


20  50 

20  59 

21  42 
16  43 

19  58 

20  40 

16  40 

17  18 
16  21 

18  26 

19  02 

19  42 

20  i8 
18  II 
16  42 


°.S8S 
986 
991 
993 
998 
044 
046 
734 
024 

975 
976 
978 
031 
033 
609 
611 
830 
89s 
897 
406 
407 
578 
640 
642 
643 
645 
.813 
o.  192 


622 
022 
028 
030 
034 
oSo 
082 
770 
060 

006 
CX37 
009 
062 
064 
640 
642 
861 
926 
927 
436 
438 
608 
671 
672 
674 
676 
843 


Mag. 


e  Bootis 
e  Bootis 
c  Bootis 


Eclipse 
Eclipse 
Eclipse 


TABLE  XIV 
Normal  Magnitudes,  o  Coronae  Borealis 


Phase 

Difference  of 

MAGNrrUDE 

REsroi'Ai 

Cannon 

Jordan 

P 

P 

Mag. 

Mag. 

0.976 

0.008 

0.600 

+0.123 

99° 

.027 

460 

-    .017 

018 

■052 

477 

.000 

041 

•07S 

500 

+    .023 

335 

■36s 

467 

—    .010 

591 

.623 

470 

-    .007 

631 

.662 

483 

+    .006 

644 

•67s 

47S 

—    .002 

792 

.824 

490 

+    .013 

0 

896 

0.926 

0 

475 

— O.OOJ 
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Result  for  a  Coronae. — -Observations  were  made  at  principal  mini- 
mum on  one  night  under  iirst-class  conditions.  The  star  was  then 
about  0.12  mag.  fainter  than  normal,  and  is  therefore  an  eclipsing 
variable. 

8  ^  Scorpii 

H.R.  5984,  Mag.  2.90,  Spectrum  Bi 

The  orbit  is  by  Daniel  and  Schlesinger.'     A  second  orbit  by 

Duncan^  is  practically  identical,  and  gives  the  same  times  of  ecUpses. 

Two  spectra  are  visible. 

P 6'i8283  m\?.m^i 

rr  .  -r—, ^ 1-26 

T 2419163.923  \nu-\-1n2Y 

0) 2o?09  ni:  sin^  / 13  o 

e o .  270  w.,  sin^  / 8.3 

The  hjpothetical  light-elements  are: 

Min.    I  =  J.D.  24i9i64.74-f6'i8283  •  £ 
Min.  II  — Min.  I  =  4"^sio  =  or66o 

Although  this  star  is  rather  far  south  it  can  be  compared  con- 
veniently with  S  Scorpii.  The  difference  of  magnitude  is  in  the 
sense:  13  minus  S.     Each  observation  comprises  two  sets. 

These  normals  are  shown  in  Fig.  i.  The  normal  at  phase  o?oi2 
does  not  indicate  an  ecUpse,  but  the  results  near  secondary  mini- 
mum make  the  star  faint.  Here,  as  in  the  case  of  Spica,  we  should 
have  to  assume  that  the  eclipses  are  coming  ahead  of  time. 

Result  for  ^Scorpii. — The  results  are  not  conclusive,  but  lead  to 
a  suspicion  that  the  star  is  an  eclipsing  variable  with  small  range. 

DISCUSSION 

With  the  stars  tested  with  the  selenium  photometer,  we  may 
include  j8  Aurigae'  and  6  Orionis.  I  have  finished  the  light-curve 
for  the  latter,  but  some  further  spectroscopic  data  are  necessary  for 
a  final  discussion.  Let  it  suffice  to  state  that  5  Orionis  is  an  eclips- 
ing variable  with  two  minima,  the  total  range  being  about  0.12 

'  Publications  oj  the  Allegheny  Observatory,  2,  135,  191 2. 
=  Lowell  Observatory  Bulletin,  2,  21,  1912. 
'  Astrophysical  Journal.  34,  112,  1911. 
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TABLE  XV 
Observations  of  §  Scorpii 


Difference  of 
Magnitude 


March  25 

25 

30 

30 

April      3 

3 

3 

3 

3 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

26 

26 

26 

May     14 

14 

14 

14 

14 

25 

25 
25 

June       2 


20 

45 

21 

04 

20 

48 

21 

10 

21 

36 

21 

5b 

22 

22 

18 

S8 

19 

i& 

19 

34 

19 

52 

20 

14 

20 

34 

20 

5C 

21 

15 

21 

34 

21 

S3 

21 

Ob 

21 

28 

21 

43 

17 

40 

18 

01 

18   42 


0.326 
.328 

■  330 

■  054 

■  056 
.640 
.642 

•  645 
.647 
.649 

■  654 
.656 

■6S7 
•659 
.661 
.663 
.666 
.668 
.670 
.671 
.010 
.012 
.014 
.625 
.627 
.629 
.631 
•634 
.236 
.238 
.240 


TABLE  XVI 

N0R.M.\L  Magottudes,  P  Scorpii 


Phase 

Difference  of 
Magnitude 

Phase 

Difference  of 
Magnitude 

P 

Mag. 

0.22 
.24 
.22 
.21 
.24 

0.28 

P 

Mag. 
0.24 

.28 

2^8 

.653    

•25 

.23 

^28 

.666 

0.26 
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magnitude.  We  have  then  eleven  stars  which  may  be  divided  as 
shown  in  Table  XVII.  It  seems  fair  to  place  /3  Scorpii  in  the  first 
list,  and  a  Virginis  in  the  second.  ■  It  appears  then  that  4  or  5  out 
of  the  1 1  stars  are  echpsing  variables.  Among  the  constant  stars, 
the  only  one  with  a  short  period  and  large  mass  function  is  |3  Scorpii. 
Of  the  variables,  all  are  favorable  cases  except  perhaps  a  Coronae. 

TABLE  XVII 


Constant  Stars 


Eclipsing  Stars 


a  Andromedae 
a  Aurigae..  .  . 
I  Orionis.  .  .  . 
a,  Geminorum. 
a,Gcmiiwnim. 
f  Ursae  Major  is 
/3  Scorpii 


96.67 
104.02 

29.14 
2-93 
9.22 

20  54 
6.83 


Ao 
Go 
Oes 
Ao 
Ao 
Ap 
Bi 


o.iS 
1. 14 
0.0097 
0.0015 
0.49 
1 .26 


/3  Aurigae. 
S  Orionis.. 
a  Virginis 
a  Coronae. 


396 
5-73 
4.01 
1736 


Ap 
Bo 

B2 

Ao 


O.S4 
0.60 
0.82 
0.06 


Of  course,  we  can  draw  no  general  conclusions  from  a  few  stars, 
but  the  desirability  of  testing  other  objects  is  apparent.  This  has 
already  been  done  with  success  by  Hertzsprung'  and  Shapley.^  I 
have  shown^  that  any  reasonable  assumption  as  to  the  densities 
and  size  of  companions  in  short-period  binaries  leads  to  a  large 
proportion  of  systems  whose  eclipses  may  be  detected.  In  fact, 
one  is  somewhat  appalled  at  the  number  of  variables  which  are 
awaiting  discovery.  The  known  spectroscopic  binaries  are  increas- 
ing by  leaps  and  bounds;  and  in  addition  to  the  eclipsing  variables 
among  these,  there  are  no  doubt  many  of  other  periodic  types,  not 
to  mention  those  with  irregular  light-changes  similar  to  the  sun. 

The  tests  for  small  light-variations  can  be  made  only  with  the 
most  accurate  forms  of  photometer,  and  while  the  possibilities 
of    the   selenium  method  are  still  very  great,   it  looks  as  if  the 

'  Aslronomische  Nachricblcii,  195,  307,  1913. 

'Ibid.,  196,  383,  1913. 

'  Astro  physical  Journal,  34,  105,  1911. 
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photo-electric  cell  would  furnish  the  means  for  the  next  improve- 
ments. About  a  year  ago,  Professor  W.  F.  SchuLz'  tried  a  potas- 
sium cell  on  our  12-inch  telescope  with  encouraging  results,  and  the 
experiments  are  being  continued  by  Messrs.  Kunz,  Schulz,  and 
myself.  As  is  well  known,  photo-electric  cells  like  those  of  Elster 
and  Geitel  have  been  used  successfully  by  Meyer  and  Rosenberg^ 
at  Tubingen,  and  by  Guthnick^  at  Berlin-Babelsberg. 

The  observations  described  in  the  present  paper  were  secured 
with  the  assistance  of  Messrs.  Percy  F.  Whisler  and  H.  F.  Zoller. 
I  am  also  indebted  to  Mr.  J.  D.  Bond  for  checking  some  of  the 
reductions.  This  work  is  a  portion  of  that  made  possible  by  several 
grants  from  the  Rumford  Fund  of  the  American  Academy  of  Arts 
and  Sciences. 

University  of  Illinois  Observatory 

Urb.vna,  III. 

February  6,  1914 

■  Astrophysical  Journal,  38,  187,  1913. 

'  Vierleljahrsschrijt  der  Aslronomischcn  CeseUschaJt,  48,  210,  1913. 

'  Aslronoinischc  Nachrichicn,  196,  357,  1913. 
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PLATE   VII 


Drawings  of  Nucleus  and  Appendages 
Upper  figures,  May  3;  lower  figure,  May  4 
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PLATE   IX 


lo-inch  Lens.     May  4,  21''  2'"  O.M.T.     Exposure  40" 
Scale:     i  cm  =  o?4i 


PLATE   X 

May  17,  G.M.T.  ; 


May  18,  G.M.T.  21'' 
Drawings  of  Tails  of  Halley's  Comet 


PLATE   XI 


lo-inch  Lens.     Way  29,  i5''39°',  G.M.T.     Exposure,  i''57'' 
Scale:    i  cm  =  o?55 


PLATE   XII 


lo-inch  Lens.     June  6,  I5''49'"  G.il.T.     Kxi)usnrc   120" 
Scale:     i  cm  =  o?44 
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